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PREFACE 


This volume is intended to fill the need for a text and reference hook 
relating to the engineering problems of the many phases of practical tele¬ 
vision systems. It begins with a consideration of the fundamental prin¬ 
ciples involved in the electronic transmission and reproduction of visual 
information and follows through with analysis of techniques and methods. 
Wherever necessary, mathematical analysis of sufficient rigor is employed 
to explain the particular aspect of the problem under consideration and, 
wherever practical, to form a basis for design. Wherever possible, an 
attempt is made, on a basis of both theoretical and practical considera¬ 
tions, to present alternate ways in which a given operation might be per¬ 
formed and to make a logical evaluation of the relative merits of the 
possible methods. 

Following the treatment of fundamental concepts and the elements 
which would apply to any system, the need for the standardization of 
many factors, such as scanning rates and synchronizing wavsforms, for a 
commercial broadcast service is pointed out. Reasons for a particular 
choice of standards and methods, based on fundamental principles pre¬ 
viously discussed, are evaluated, and the many elements which comprise 
the commercial television broadcasting system, both monochrome and 
color, in use in the United States are described in detail. The special 
problems of color television systems are treated, not in a separate and 
unrelated chapter, but integrated into the rest of the book with appro¬ 
priately related material. 


Although all phases of the television system and its problems are 
thoroughly treated, the emphasis throughout is on systems concepts and 
on their implementation in the form of the circuits of television systems 
and their analysis. For this reason, considerable time is spent on 
methods of circuit analysis, equivalent circuits, and the many functions 
of vacuum tubes in the television system. Because of the basic transient 
nature of television picture information, the corresponding usefulness of 
the evaluation of system performance on the basis of transient response 
and the nonsinusoidal waveforms involved in most of the parts of a 
system, some time is spent on the explanation of the Laplace transform 
method of transient analysis. The use of this tool makes possible a 
relatively simplified mathematical analysis of such devices as d-c restorers 
clamps, and scanning-waveform generators. Considerable space k 
devoted to the various aspects of synchronizing, signal mixing d-c 
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restoration, and other related topics in order to provide sufficient informar- 
tion for design of circuits having optimum performance. Low-level cir¬ 
cuits and the random-noise problems, both in connection with the output 
of pickup tubes and in the low-level r-f stages of receivers, are considered 
in detail. 

The material presented and the choice of emphasis are an outgrowth of 
the author’s electronic and television research and development work at 
the MIT Radiation Laboratory and the Allen B. DuMont Laboratories, 
his work as a consultant on technical problems for the General Electric 
Company, and the development of laboratory equipment for and the 
organization both of a research program in television and of graduate and 
undergraduate courses composed partly of full-time graduate students 
and partly of engineers from the General Electric Company. 

The material chosen is designed to fit both graduate and undergraduate 
programs. It has been used in the graduate program at Syracuse Univer¬ 
sity as a sequence of two 3-semester-hour courses, with most of the topics 
covered in detail, and as a senior elective course of 3 semester hours 
with a considerable abridgment of material and with most of the more 
detailed and complex forms of analysis omitted. It is felt that much of 
the material has sufficiently general application to be useful in courses 
and for reference in fields other than television. 

It is hoped that the choice of topics discussed and the completeness of 
treatment will make the book useful as a reference for engineers in various 
phases of the television industry, partly because it provides, in compact 
form and in a unified system of symbols and notation, information which 
might otherwise be found only in widely scattered portions of the litera¬ 
ture and in varying forms. The bibliography is sufficiently extensive so 
that more information on a particular topic may readily be found. The 
choice was deliberately made, not to present such material as a general 
bibliography, but to insert references pertinent to a particular subject in 
the form of footnotes for ready reference. In some instances, where 
historical interest is involved or where it was otherwise deemed appro¬ 
priate, reference is made to original publications on the particular subject. 
In other cases, reference is to other books which give a more detailed 
treatment of the subject than is warranted in this volume or to a book 
which includes in itself a more extensive bibliography of the particular 
subject. 

For assistance in many direct and indirect ways in the preparation of 
this volume, the author is indebted to a number of individuals. For 
helpful discussions of technical problems and reading of manuscript 
material relating to their various fields of interest, thanks are due to 
J. L. Jones, F. J. Bias, D. W. Pugsley, H. G. Towlson, and I. C. Abra¬ 
hams, all of the General Electric Company. For their extreme care and 
effective efforts in proofreading, which resulted in the elimination of 
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many errors, the assistance of the author’s colleagues at Syracuse Uni¬ 
versity, H. Hellerman and R. N. Lothes, is gratefully acknowledged. 
Particular thanks are due to Dr. S. Seely, Chairman of the Electrical 
Engineering Department, and to Dr. R. A. Galbraith, Dean of the 
College of Engineering, whose encouragement and support were of the 
utmost value. 

Finally, the author expresses appreciation to his wife, Ethel, for her 
continuous help and encouragement throughout the entire endeavor, 
without which this book could not have been written. 

Glenn M. Glasford 




CONTENTS 


Preface . 


Chapter 1. Elements ok a Television System. 

1-1. Comparison of Picture Transmission with Sound Transmission 

1-2. The Scanning Process 

1-J. Pickup Devices 

1-4. Video-signal Amplification 
1-5. Video Transmitters . 

1-6. Video Receivers . 

1-7. The Synchronization Problem 
1-8. Sound Transmission .... 

1-9. Transmission of Chromaticity Information 

Chapter 2. Visual Characteristics, Color Specification 

Analysis 


ral Response 


2-1. Resolving Power of the Eye. 

2-2. Storage Characteristics of the Eye. 

2-3. Brightness and Color in the Visual Process 

2-4. System Requirements for the Preservation of Image Detail 
2-5. Seanning Methods and the Video Signal 

2-6. Low-frequency Requirements. 

2-7. An Estimate of System Requirements. 

2 - 8 . Other Aspects of the Theory of Scanning. 

2-9. Brightness Transfer Characteristic of System and Spe< 
of Terminal Devices. 

2- 10. Increased Channel Capacity by More Effective Spectrum Utilization 

2- 11. Bandwidth Requirements for Adding Chrominance Information 
2-12. Color-system Classifications .... 

2-13. Line- and Field-sequential S>sterns 

2- 14. Dot-sequential Systems. 

2-15. Basic Simultaneous Band-shared Color-television Systems 
2-16. Improved Band-shared Systems 

Chapter 3. Fundamentals of Electron-beam Scanning 

3- 1. Klcctron Ballistic:* and Electron Optica 

3- 2. The Electron Gun. 

3- 3. Deflection of Electron Beams 

3- 4. Summary. 

• • 

Chapter 4. Imaoe-pickup Tuhes and Output Circuits 

4 - 1. Photoelectric Effects. 

4- 2. Secondary Emission .... 

4-3. Electron-beam Scanning of Photoelectric Surfaces 

High-velocity Scanning of Moea.c Surface, (the Iconoeeope) 


and Signal 





















X 


CONTENTS 


4-6. Low-velocity Scanning of Mosaic Surface* (the Orthicon) .... 

4-6. The Image Orthicon. 

4-7. Factors Affecting Image Orthicon Performance. 

4-8. Characteristics of Image Orthicon Tubes .- 

4-9. Electron-beam Noise Reduction and the Image Isocon . . . 

4-10. Photoconductive Pickup Tubes and the Vidicon. . . . . 

4-11. Aperture Scanning by Electron Images and the Image Dissector . 

4-12. Signal-to-noise Ratio of Pickup Tubes and Coupling Circuits 

4-13. Sources of Random Noise in Pickup Tubes and Associated Circuits 

4-14. Signal-to-noise Ratio of Output Coupling Circuit of Pickup Tube 

4-15. Signal-to-noise Ratios Obtainable with Useful Pickup Tubes . . 

4-16. Aperture Effects in Pickup Tubes. 


06 

90 

102 

103 

106 

108 

109 

110 
111 
114 
120 
124 


Chapter 5. Visuaiz-display Tubes. 

5-1. The Cathode-ray Tube. 

5-2. Cathode-ray-tube Phosphor Characteristics. 

5-3. Processes in Cathode Luminescence. 

5-4. The Electrostatic Cathode-ray Tube. 

5-5. The Magnetic-deflection Cathode-ray Tube. 

5-6. Negative-ion Bombardment of Cathode-ray-tybe Screens . . . 

5-7. Elimination of Ions from Electron Beam. 

5-8 Loss of Light Output Due to Internal and External Reflections . 

5-9. Metal Film Backing of Picture-tube Screens. 

5-10. Characteristics of Direct-view Picture Tubes. 

5-11. Projection Tubes and Systems. 

5-12. Projection Systems for Three-color Reproduction. 

5-13. Single Tubes for Color Reproduction. 


125 

125 

125 

128 

130 

133 

135 

135 

137 

138 

139 
142 

145 

146 


Chapter 6. Video Amplifiers 


154 


6-1. General Characteristics. 

6-2. The Triode-vacuum-tube Amplifier.155 

6-3. Cascaded Amplifiers.157 

6-4. Pentodes and Tetrodes in Amplifier Circuits.160 

6-5. High-frequency Compensation of Video Amplifiers.163 

6 -6. Idealized Responses and General Characteristics . _.174 

6-7. Equivalent Four-terminal Coupling Networks.178 

6 -8. Other Forms.178 

6-9. Response of Cascaded Stages.181 

6-10. High-frequency Correction Circuits.182 

6-11. Phase-correcting Networks.188 

6-12. Low-frequency Requirements of Video Amplifiers.190 

6-13. Improvement of Low-frequency Response.194 


Chapter 7. Transient Analysis of Circuits.198 

7-1. Introduction.198 

7-2. The Differential Equations of Circuits.198 

7-3. The Fourier Series and Fourier Integral.199 

7-4. Idealized Responses.'..202 


7-5. Operational Methods 


7-6. The Transformation Calculus.207 

7-7. Use of the Transformation Calculus for the Solution of Differential 

Equations of Networks.208 

7-8. General Transform Equations of Networks.212 








































CONTENTS 


M 


7-9. Time Normalization of Equations. 

7-10. Relation of Amplitude Response to Phase Characteristic of Networks 

7-11. Generalized Notation and Time-axis Shifting ... 

7-12. Transforms of Commonly Used Excitations. 

7-13. Circuit Responses. 

7-14. Transforms of Periodic Functions. .... 

7-15. Rectar.gular-waveform Analysis. 

7-16. Simplified Analysis for Recurrent Waveforms. 


214 
211 
21 I 

215 
217 

219 

220 
223 


Chapter 8. Wide-band Radio-frequency Amplifiers.225 

8-1. The Single-tuned Amplifier.225 

8-2. Cascaded Single-tuned Amplifiers (Synchronous Case). 231 

8-3. Maximum Realizable Bandwidth for Required Gain.232 

8-4. Cascaded Single-tuned Amplifiers (Staggered Case).233 

8-5. Coupled Circuits and Reflected Impedance. 239 

8-6. Double-tuned Circuits: Shunt-tuned Secondary. 241 

8-7. Double-tuned Circuits with Series-tuned Secondary.248 

8-8. Cascaded Double-tuned Amplifiers.251 

8-9. Other Forms of Bandpass Circuits..252 

8-10. Unsymmetrical Response Curves.254 


Chapter 9. The Transmitter-Receiver Relationship .257 

9-1. Introduction.257 

9-2. Amplitude Modulation.258 

9-3. Detection of Amplitude-modulated Waves.259 

9-4. Single-sideband Transmission.260 

9-5. Partial Suppression of One Sideband.261 

9-6. Vestigial-sideband Transmission.265 

9-7. Transient Response of Bandpass Amplifiers to Amplitude-modulated 

Signals. 268 

9-8. Over-all System Response .273 

9-9. Frequency Modulation. ... 275 

9-10. The Standard Commercial Picture Channel.278 

9-11. Color-system Characteristics.279 

9- 12. Carrier-difference Sound Reception.280 

Chapter 10. Sional-circuit Problems and Techniques .282 

10- 1. Introduction.282 

10-2. Cathode Degeneration in Amplifiers.283 

10-3. Load Impedance in Cathode (the Cathode Follower).285 

10-4. Input Admittance and Generalized Equivalent Circuits .... 287 

10-5. High- and Ultra-high-frequency Effects Due to Tube Structure . . 289 

10-6. The Grounded-grid Amplifier.293 

10-7. The Cathode coupled Stage.296 

10-8. The Cascode Amplifier. 298 

10-9. General Properties of Amplifiers with Negative Feedback .... 299 

10-10. Feedback Amplifiers with Bilateral Transmission between Input and 

Output.. 

10-11. Feedback Amplifier with Internal Bilateral Ix>op.307 

10-12. Feedback Amplifiers as Impedance-matching Devices.308 

10-13. The D-C Component in the Video Signal.3H 




































• « 
XII 


CONTENTS 


10-14. Application of Rectangular-waveform Analysis to Video Signals . . 

10-15. The D-C Restorer. 

10-16. Clamping Circuits.. 

10-17. Clamping in Video Amplifiers. 

10-18. Limiting and Clipping Circuits.. . . . 

10-19. Special Diode Characteristics; the Germanium Crystal Diode- 

10-20. Keying and Signal Mixing .. 

10-21. Low- to Moderately High-frequency Signal-to-noise Ratio in Tube 

Circuits. 

10-22. Additional Sources of Noise at Ultru-high Frequencies. 

10-23. General Transmission-line Equations. 

10-24. The Infinite Line and Properly Terminated Finite Line. 

10-25. The General Finite Line. 

10-26. The Dissipationless Line. 

10-27. Transmission Lines for Video Signals. 

10-28. Transmission Lines for R-F Signals. 

10-29. Transmission Lines as Circuit Elements at UHF. 

10-30. Waveguides and Resonant Cavities. 


315 

320 

323 

334 

336 

338 

339 

343 

348 

350 

352 

354 

356 

359 

362 

362 

368 


Chapter 11. Scanning Circuits.372 

11-1. Generation of Saw-tooth Voltage Waveforms. 372 

11-2. Capacitive-loading Effects on Saw-tooth Amplifiers. 375 


11-3. Generation of Linear-scanning Voltage Waveforms at High Level. 378 

11-4. Generation of Linear Current Waveform in Inductive Circuit . . 381 

11-5. Generation of Required Trapezoidal Voltage Waveform .... 383 

11-6. Sweep Amplifiers for Electromagnetic Deflection (Low-frequency Case) 385 

11-7. Sweep Circuits for Electromagnetic Deflection (High-frequency Case). 389 

U-8. Production of Accelerating Potential from Sweep Flyback . . . 397 


Chapter 12. Synchronization and Picture-signal Standards .... 399 


12-1. Introduction. 

12-2. Transmission of Synchronizing Information . 

12-3. Timing Relationships for Interlaced Scanning 

i2-4. Basic Synchronizing Waveform. 

12-5. Type of Scanning—Choice of Line and Frame Rates 

12-6. The Standard NTSC Picture Signal. 

12-7. Modulation-polarity Standards. 

12-8. Composition of the Color Signal. 


399 

4C0 

404 

406 

407 

409 

410 
412 


Chapter 13. Circuits Involved in Timing and Synchronizing Operations 417 


13-1. Relaxation Oscillators. 

13-2. The Multivibrator. 

13-3. The Monostable Multivibrator. 

13-4. The Cathode-coupled Type. 

13-5. The Bistable Multivibrator. 

13-6. Improvement of Multivibrator Response 

13-7. The Blocking Oscillator. 

13-8. Synchronized and Triggered Blocking Oscillators 

13-9. Frequency-dividing Circuits. 

13-10. Signal-mixing and Keying Circuits. 


417 

418 
425 
427 

429 

430 

431 
433 
433 
439 





































CONTENTS 


• • • 
Xlll 

13-11. Elements of Frequency Comparison, and Control CircuiU .... 439 

13-12. Frequency-control Circuits—General Considerations.445 

Chapter 14. The Synchronizing Signal Generator.446 

14-1. Basic Timing Operations.446 

14-2. Choice of Methods.447 

14-3. Synchronizing-signal-generator Design.451 

14-4. Synchronizing Signal Generator, Circuit Details.454 

14-5. Auxiliary Output Circuits.460 

14-6. Basic Control-frequency and Power-system Lock Circuit .... 462 

14- 7. Additional Requirement of Synchronizing Generator for Subcarrier 

Color System.465 

Chapter 15. Television Camera and Signal Processing Eguipment . . 467 

15- 1. Elements of Video Signal Circuits.467 

15-2. Image Orthicon Camera and Control Circuits.470 

15-3. The Iconoscope Film Camera.473 

15-4. Film and Slide Projectors for Use with Pickup Tubes.476 

15-5. The Flying-spot Scanner.477 

15-6. The Monoscope.480 

15-7. Picture-amplifier Design Considerations . *.482 

15-8. Video Preamplifier Design.. • 485 

15- 9. Camera Control Amplifier and Monitor Equipment.491 

15-10. Coding of Information in Color-subcarrier System.497 

15-11. Special Problems and Circuitry Related to the Color Signal ... 500 

15-12. Multichannel Mixer-Amplifier Equipment.507 

15-13. Synchronization between Program Sources and Video Signal Enhance¬ 
ment .511 

15-14. Power Supplies for Picture-generating and Synchronizing Equipment 611 

Chapter 16. Elements ok Video Transmitters and Radiating Systems . 514 

16- 1. Introduction.514 

16-2. General Problems in Transmitter Design.616 

16-3. Elements of Class B Tuned Power Amplifiers . 519 

16-4. Output Coupling Circuits and Transmission Lines.530 

16-5. Transmitting Antennas for Television Systems.535 

16-6. Antenna Structures. 535 

16- 7. Propagation at UHF and VHF.545 

Chapter 17. Television-receiver Fundamentals and Desions .... 549 

17- 1. Introduction . 549 

17-2. Receiving Antennas .651 

17-3. R-F Transmission Lines.55!) 

17-4. Receiver Sensitivity and Noise Figure.560 

17-5. R-F Input-circuit Design Considerations.666 

17-6. Intermediate-frequency Amplifiers.577 

17-7. Detectors, Video Amplifiers, and Audip Systems.578 

17-8. Picture Synchronization and Sweep Circuits.681 

17-9. Automatic-gain-control (AGC) Methods.588 

17-10. Review of NTSC Color Signal. 594 

17-11. Color-signal Decoding and Reproduction.695 

17-12. Color-subcarrier Synchronization.699 







































XIV 


CONTENTS 


Problems. ... 601 

Appendixes . 617 

A. Photometric Quantities and Definition of Terms.617 

B. Some Commonly Used Transform Pairs. 619 

C. Channel Allocations for Commercial Television Broadcasting .... 621 

D. FCC Standards for Commercial Television Broadcasting.622 

Index. 631 









CHAPTER 1 


ELEMENTS OF A TELEVISION SYSTEM 


1-1. Comparison of Picture Transmission with Sound Transmission. 
Television is an extension of the science of radio communication, embody¬ 
ing all of its fundamental principles and possessing all of its complexities 
and, in addition, making use of most of the known techniques of elec¬ 
tronic circuitry. 

In the case of the transmission and reproduction of sound, the funda¬ 
mental problem is to convert time variations of acoustical energy into 
electrical information, translate this into radio-frequency (r-f) energy in 
the form of electromagnetic waves radiated into space, and, at some 
receiving point, reconvert part of the resultant electromagnetic energy 

existing at that point into acoustical energy. 

In the case of television, there is the parallel problem of converting 
space and time variations of luminosity into electrical information, trans¬ 
mitting and receiving this as in the case of sound, and reconverting the 
electrical information obtained at a receiving location into an optical 

image. 

When the information to be reproduced is optical in character, the 
problem fundamentally is much more complex than it is in the case of 
aural information. In the latter instance, there is dealt with at each 
instant of time only a single piece of information, since any electrical 
waveform representing any type of sound is a single-valued function of 
time, regardless of the complexity of the waveform. In the correspond¬ 
ing optical case, at any instant there are an infinite number of pieces of 
information existing simultaneously, namely, the brightness which exists 
at each point of the scene to be reproduced. In other words, the infor¬ 
mation is a function of two variables, time and space. Since the practi¬ 
cal difficulties of transmitting all this information simultaneously and 
decoding it at the receiving end at the present time seem insurmount¬ 
able, some means must be found whereby this information may be 
expressed in the form of a single-valued function of time. In this con¬ 
version, the process known as scanning plays a fundamental part. 

Where color reproduction is desired, the situation is considerably more 
complicated. In this case, the transmission of brightness variations is 
not sufficient since the brightness level at any point may be characteris¬ 
tic of many combinations of primary colors, each of a particular satura- 
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tion and hue. If color reproduction is to be made possible, information 
regarding this color content must be included in the transmission channel. 

1-2. The Scanning Process. Scanning may be identified as a par¬ 
ticular process which permits the conversion of information expressed in 
space and time coordinates into time variations only. Suppose, for 



(a) Scanning of image 



(b) Waveform of individual scanning lines 

n—n—n - m m - n n n 


(c) Electrical information derived 



(<f) Resultant image with 22 line scan 
Fio. 1-1. The scanning process. 

extreme simplicity, that an optical image of a scene, perhaps on a photo¬ 
sensitive surface, is scanned by a beam of electrons, i.e., that all points 
on the image are sequentially contacted by this beam, and that some¬ 
how, as a result of this scanning, through capacitive, resistive, or photo- 
emissive effects at the surface, an electrical signal may be obtained that 
is directly proportional in amplitude to the brightness at the particular 
point being scanned by the beam. Although the picture content of the 
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scene may be changing with time, if the scanning beam moves at such a 
rate that any portion of the scene content does not have time to move 
perceptibly in the time required for one complete scan of the image, the 
resultant electrical information contains the true information existing in 
the picture during the time of the scan. This derived information is now 
in the form of a signal varying with time. 

The image of Fig. 1-la will now be considered. The light and dark 
areas represent variations in brightness of the original scene. Suppose 
that a beam of electrons is made to scan this image as shown, starting in 
the upper left-hand corner and moving rapidly across the image in a time 
l h thus forming line 1 as shown, and then made to return instantane¬ 
ously. This process is repeated until the bottom of the image is reached. 
The time variation of the horizontal component of motion of the scanning 
beam is that shown in Fig. 1-16. 

Now, it may be assumed that the means exist whereby an electrical 
signal corresponding in amplitude to the illumination on the point being 
scanned may be derived. If this is possible, the electrical output as a 
function of time corresponding to individual scanning lines is as shown in 
Fig. 1-1 c. This electrical information corresponding to the light inten¬ 
sity of a large sampling of points in the original scene is now obtained, 
with the limitation that the detail which can be reproduced depends upon 
the completeness of coverage by the scanning beam. This coverage is 
determined directly by the total number of scanning lines. If the scan¬ 
ning beam is now made to return to the top of the picture and this proc¬ 
ess is repeated, another sampling of information identical with the first 
will be obtained unless the scene has changed in the meantime, in which 
ca se the new sampling of information will be in accordance with this 

change. 

At the receiving end, the fundamental problem is that of recombining 
the information, which has been broken down into a time function, into 
an optical image. The image which is reproduced, with the number of 
lines shown, is indicated in Fig. 1-ld. 

1-3. Pickup Devices. A television pickup device may be defined 
as a means for forming an image of a scene and translating the time and 
space variations of the light intensity which this image reproduces into 
electrical information from which can be composed a replica of the orig¬ 
inal image. In the early days of television experimentation, the scanning 
process which forms a fundamental part of such a conversion was entirely 
mechanical in nature. Such mechanical processes now have been super¬ 
seded almost entirely by all-electronic methods. 

The details of practical pickup devices are reserved for discussion in 
Chap. 4; however, a particular form will be described here as an example 
of one method which might be used. This method makes use of light- 
beam scanning rather than electron-beam scanning, mentioned previously. 
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Light-beam scanning consists, in principle, of a high-intensity spot of 
light scanning a scene. Some of the light reflected from this scene falls 
on a photosensitive element having an output current proportional to the 
incident illumination. Figure l-2a shows a mechanical means for pro¬ 
ducing the flying spot of light. This system consists of a rotating disk, 
having small apertures, located in spiral fashion around its periphery as 
shown, together with an appropriate lens system. As the disk rotates, 
the spot of light moves over all sections of the object; and therefore the 
reflected light from'the object varies with time in a corresponding manner. 



tight 

source 


i/Projection 
Lens f lens 



Scene to be 
reproduced in 
this plane 


Rotating 

disk 


Photocell 

pickup 



Output 


(o) Mechanical system 



Scanning lines 
providing lumin¬ 
ous moving spot 
on face of 
cathode ray 
tube 


Cathode 
ray tube 





Projection 
lens 


for 

deflection 


Photocell 

pickup 


Scene to be 
reproduced 




plifier| H^ Output 


(6) Electronic system 

Img. 1-2. Simple flying-spot scanning methods. 


A variation of this method which was used earlier provided direct uni¬ 
form illumination of the scene. The light reflected from the scene was 
made to pass through the apertures of the disk, and the resultant light 
was collected by a photosensitive element. In this method the photo¬ 
sensitive element was placed in the position of the point source of light 
of the previous example. 

An all-electronic version of the flying-spot method, in which the light 
source and the rotating disk are replaced by a cathode-ray tube, is shown 
in Fig. 1-26. This tube, constructed specially for the purpose, generates 
a spot of light of high intensity which is made to move over the face of 
the tube in accordance with currents in deflection coils. 
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1-4. Video-signal Amplification. The electrical information obtained 
from the pickup device is generally referred to as the video signal 
Regardless of the type of pickup or optical-electrical conversion device 
employed, the resultant signal is at a very low voltage level and must be 
amplified to be of any practical value. The amplifiers are, in general, 
the usual type of class A untuned voltage amplifier, with modifications 
to extend the frequency response. It will be shown later that the band¬ 
width requirements of an amplifier to pass the complex waveform rep¬ 
resenting the output signal of a pickup device far exceed those of the cor¬ 
responding audio system. 

The video signal, after being amplified to a suitable voltage level, is 
delivered to power amplifiers which modulate the radio-frequency (r-f) 
power amplifier stages of a transmitter. 

1-6. Video Transmitters. The increased bandwidth requirement for 
video amplifiers over that of audio amplifiers extends to transmitters 
for television information. For this as well as other reasons, ordinary 
broadcast frequencies are unsuitable for video transmitters, since the 
bandwidth as a percentage of carrier frequency is too great. Television 
transmitters, as a result of this, operate on frequencies in the very-high- 
frequency and ultra-high-frequency* regions. Propagation pt these 
higher frequencies except for anomolous effects is restricted approxi¬ 
mately to line-of-sight range. 

1-6. Video Receivers. The same general type of receiver is useful 
for video as well as for audio information. Here again, the increased 
jandwidth requirement must be met. The usual receiver is the super- 
neterodyne with radio-frequency and intermediate-frequency amplifiers 
specifically designed to fulfill the bandwidth requirements. The repro¬ 
ducing element in the video receiver is, of course, visual rather than 
aural. The usual device made use of for this purpose is the cathode-ray 
tube. The beam of electrons moving across the screen of this tube is 
made to move synchronously with the scanning beam in the pickup 
device. The current in the electron beam, and therefore the brightness 
of the spot on the face of the cathode-ray tube, is made to vary in accord¬ 
ance with the original video signal. It is possible, of course, to employ 
mechanical means here if mechanical scanning is employed at the pickup 
device. In such an event, the intensity of a light source would be varied 
in accordance with the video signal. Light from this source, passing 
through the apertures in a disk identical with that at the pickup and 
rotating in synchronism with it, would form on the screen a replica of 
the original image. 

1-7. The Synchronization Problem. In addition to the transmission 
of the picture signal, there exists the problem of synchronization of the 

1 The very-high-frequency region is normally considered to be in the range of 30 to 
300 Me and the ultra-high-frequency region in the range of 300 to 3,000 Me. 
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scanning process at the reproducing element with that at the pickup 
device. Some means must be provided for accomplishing this function. 
If the scanning were done with a mechanically rotating device such as the 
scanning disk, as previously described, it would be necessary to rotate 
the disk at the receiver in synchronism with that of the pickup device. 
A synchronous motor operating on the same power system might accom¬ 
plish this result. In the case of electronic scanning methods, it becomes 

Optical - electrical 



Altfmiti routes 


(a) Essential elements of a video transmitter 



-► Alternate routes 

for synchronizing 
Information 

(6) Essential elements of a video receiver 
Fio. 1-3. Elements of an all-electrical monochrome television system. 

necessary to transmit some sort of a synchronizing waveform. This can 
be done by transmitting synchronizing information on an entirely sepa¬ 
rate transmission channel, or by transmitting synchronizing pulses on the 
same communication channel, or by using a time-sharing arrangement 
with the actual video information. A simplified block diagram showing 
these essential elements of a monochrome television system is shown in 
Fig. 1-3. 

Sound Transmission. There is, in addition to video information, 
the problem of transmitting the sound associated with the television pic¬ 
ture. This can be done by using a separate modulated carrier or uti- 
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lizing some sort of pulse-modulated system operated on a time-sharing 
basis with the video signal. 

1-9. Transmission of Chromaticity Information. If reproduction in 
color is desired, some means of transmitting information regarding the 
color content of the original scene must be found. Satisfactory color 
reproduction can be obtained by making use of three properly chosen 
primary colors (usually red, blue, and green) of specified spectral 
composition. 
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id) Simultaneous system with single transmission channel 
Fio. 1-4. Alternative color-transmiBaion systems. 
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Several methods of obtaining and utilizing the independent color infor¬ 
mation are possible. The scene to be reproduced can be analyzed in 
terms of the three chosen primary colors with one pickup device which 
views, on a time-sequential basis, the scene, through successively red, 
blue, and green color filters. The time-sequential signal can be trans¬ 
mitted by the usual means and the reproduced images of red, blue, and 
green, viewed on the. same time-sequential basis. This method is shown 
in Fig. l-4a. Another method might be to analyze the scene on a simul¬ 
taneous basis, using three separate pickup devices with a mirror-filter 
arrangement. The three color signals can then be transmitted over three 
independent transmission channels and used to produce three separate 
color images simultaneously which can be combined optically into a sin¬ 
gle image, as shown in Fig. 1-45. A variation would be to switch the 
three color signals sequentially by electronic means on a line-, field-, or 
picture-element rate, as indicated in Fig. l-4c, transmit the resulting 
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Phosphorescent screen 
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color phosphor dots 
Red element 
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Electron beams from 
individual color guns 
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Fio. 1-5. Elements of three-color reproducer. 


information over a single channel and reproduce as three separate images 
as before. This method, being a sequential method, is similar in principle 
to the first one outlined. 

A different approach might be to code the information from the three 
separate color cameras so as to allow the transmission channel to share 
the frequency components of each of the three color signals (Fig. l-4d). 
Reproduction can be on a simultaneous basis. Such techniques allow 
more efficient use of the spectrum. The information present in the coded 
signal is not necessarily red, blue, and green components explicitly but 
may be a form of signal from which can be derived these components. 

In each of the systems, the three color-reproducing devices may be 
replaced by a single device which has the ability to respond to separate 
signal stimuli and produce simultaneously the composite color informa¬ 
tion. In one such device, there may be three separate electron guns. 
The phosphorescent screen might have behind it some sort of mask and 
be composed of separate-color phosphor Jdots. The mask would be 
arranged in such a way that electrons from each gun could strike only 

one set of phosphor dots of a single color. These features are illustrated 
in principle in Fig. 1-5. 


CHAPTER 


VISUAL CHARACTERISTICS, COLOR SPECIFICATION, 

AND SIGNAL ANALYSIS 


Knowledge of the characteristics of the eye is necessary for the formu¬ 
lation of the requirements to be placed on a visual pickup, transmission, 
and reproducing system, just as information concerning the response 
characteristic of the ear is necessary for specifying the performance of 
the aural system. In either instance, the terminal device in the system 
is the related human sensory mechanism. The aural system must be 
designed to satisfy the amplitude (loudness) as a function of frequency 
(pitch) response of the ear. In the case of the visual system, the sub¬ 
jective characteristics which must be dealt with are the visual sensation 
of brightness, the ability to resolve detail (visual acuity), and, in addi¬ 
tion, color perception. 

2-1. Resolving Power of the Eye. The lens system of the eye, com¬ 
prising the cornea, the crystalline lens, and the aqueous humor, forms an 
optical system which focuses on the retina, containing the light-sensitive 
cellular structures known as rods and cones which pass on to the brain, 
by way of the optic nerve, impulses corresponding to the nature of the 
light variations appearing at the end of the rods and cones. The rods 
are thought to function at low scene brightness and the cones at bright¬ 
ness levels represented by normal daylight scenes. According to most 
widely accepted theories, the rods function primarily in brightness 
vision, while the cones are mainly responsible for color perception. Since 
individual rods and cones may have independent transmission paths to 
the optic nerve and thence to the brain, it should be possible to resolve 
detail in an image corresponding to the separation between them. This 
is the distance which subtends an angle of about 1 min as measured 
from the center of the lens. This condition is approached, however, only 
at very high scene brightness, since the structure of the retina is such that 
most of the rods and cones are also connected in groups to larger cells, 
which are then connected to the optic nerve. In any case, it appears to 
be only the rods which are capable of resolving detail corresponding to 
the separation. At low brightness levels, the stimulus given to a single 
rod or cone is not sufficient to produce a measurable sensation. In this 
case sensations from individual rods and tionea combine to produce an 
equivalent single sensation. 
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Apart from these considerations, the diffraction effect caused by a 
finite-size aperture sets a limit on the resolving power of the eye inde¬ 
pendent of the rod-and-cone structure. The minimum viewing angle at 
which two points can be resolved is given by 


1.22X 
“0 =- ~D~ 



( 2 - 1 ) 


where a 0 is the angle subtended at the aperture by the elements to be 
resolved, D is the diameter of the circular aperture (the iris opening), 
and X is the wavelength of light. This limitation is, in general, less than 
that represented by the rod-and-cone structure. 

The eye, as shown by Fig. 2-1, has a field of vision defined by the 
horizontal and vertical angles and of 30 to 40°. However, a con¬ 
siderably larger field actually is imaged on the retina. This extended 



area has extremely poor resolution and is useful primarily in augmenting 
the color impression of a scene. Only a small area in the center (fovea 
centralis), which contains mostly cones, is capable of extremely high 
resolution, the rest of the eye acting primarily as a viewfinder and in 
dark-adapted vision. For the most part, the cones have individual trans¬ 
mission paths to the optic nerve, while it is the rods that are connected 
in groups to the larger cells. It has been found by experiment that view¬ 
ing angles of a constant scene of more than about 25° in the horizontal 
direction causes extreme fatigue because of the constant moving of the 
eyeball to obtain good resolution of all parts of the scene. This angle 
corresponds roughly to a page of print in the average book at normal 
reading distance. It has been generally, although by no means univer¬ 
sity, agreed that, both on the score of viewing comfort and artistic 
appreciation, best vision results when the scene to be viewed is rectan¬ 
gular and has an aspect ratio a (picture width to picture height) of 
approximately 4:3. 

In determining the minimum resolvable angle of the eye in terms of 
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actual operating conditions, due account must be taken of scene bright¬ 
ness and contrast ratio as parameters. That the resolving power of the 
eye is a function of these quantities is demonstrated by the curves of 
Fig. 2-2 1 taken from previously published data. 1 Here, contrast ratio, 
defined as 

c = B ± ~ Bd (2-2) 

where B d is the brightness* of a 
small gray object surrounded by a 
large area of brightness B L , is plot¬ 
ted as a function of the reciprocal 
of the minimum resolvable angle 
for different background brightness 
levels. The data may be seen to 
match very closely the theoretical 
equation 

B = (const) (2-3) 

A plot of this equation gives the parallel lines as shown. This equation 
is, of course, meaningless at angles of less than 1 min because of the 
fundamental limitation due to the rod-and-cone structure. 

2-2. Storage Characteristics of the Eye. An important property of the 
eye is that of persistence of vision. Once an image has been formed on 
the retina, the visual sensation is one of retaining that image for a finite 
length of time. Also, it may be said that the eye acts as a storage device 
in the sense that a low brightness for a given length of time will produce 
the same sensation as a greater brightness for a shorter period of time. 
This ability of the eye to act as a storage device is indicated by Blondel 
and Key’s law, 4 which states 



Fig. 2-2. Experimental determination of 
the relationship among resolving power 
of the eye, scene brightness, and contrast. 
(Hone, J. Soc. Motion Picture Engra 
October, 1948.) 


Bt o = B„(t 0 -f- 0.21) 


(2-4) 


1 Albert Rose, A Unified Approach to the Performance of Photographic Film Tele- 
vision Pickup Tubes, and the Human Kye, J. Soc. Motion Picture Enara Octohor 
1948. * ' 


* J. P. Conner and K. E. Ganoung, An Experimental Determination of Visual 

Thresholds at Ivow Values of Illumination, J. Opt. Soc. Amer., Vol. 25 No 9 Re to 
her, 1935. ’ P 

P. W. Cobb and F. K. Moss, The Four Variables of Visual Threshold J Frankie 
/net., Vol. 205, No. 6, p. 831, June, 1928. ' * m 

• The term luminance is often used, rather than brightness, where a quantitative 
photometric measurement is involved. Sec Appendix A for exact definition of this 
and other photometric terms. 


4 A. Blondel, and J. Rey, J. phye. radium, 1911, pp. 630-551. 

A. Rose, The Relative Sensitivities of Television Pickup Tubes 
Film, and the Human Eye, Proc. IRE, Vol. 30, pp. 293-300, June, 1942 * P 





12 fundamentals of television engineering 

where B is the threshold brightness required for an exposure time to sec 
and is the threshold brightness for an infinite exposure. is 

approached for exposures in excess of 2 or 3 sec. If t 0 is much less than 

0.21, Bto is equal to 0.21/?*. . . . 

The storage characteristic of the eye from a different viewpoint is 
shown by the curves of Fig. 2-3. 1 These curves show the critical flicker 
frequency (CFF), which is the repetition rate of a pulsating light source 
at which fluctuation or flicker just becomes apparent, as a function of 
field brightness and retinal illumination. These are shown for various 
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Fin. 2-3. Threshold dicker vnines for the eye for intermittent illumination. 
RCA Rev., March, 1048.) 


( Schcuie , 


waveforms of excitation of peak luminance & having an average field 
luminance B. The excitations vary from square waves to exponential 
waves with a very rapid decay time. The curves cannot be considered 
as being accurate for any one observer because of the dependence of 
retinal illumination upon the pupil diameter of the eye, which is not a 
precisely known function of scene luminance. 

2-3. Brightness and Color in the Visual Process. The visual effect 
which is produced by a light stimulus depends upon the relative energies 

1 O. H. Schade, Electro-optical Characteristics of Television Systems, RCA Rev., 
Vol. 9, No. 1, p. 22, March, 1948. 
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of the wavelengths of light incident on the retina of the eye. Definite 
mixtures of various wavelengths give what the brain identifies as “white” 
light. It is with reference to white light, in combination with reflecting 
surfaces having essentially uniform reflectance at all visible wavelengths 
as a basis, that the discussions on resolving power and flicker have been 
carried out. The data would not necessarily be the same for light of a 
single wavelength or other combinations of wavelengths. For example, 
resolving power in the region of green is almost equivalent to that for 
white light, for red only about one-third as good, and for blue only about 
one-fifth as good as for red. 1 However, the eye is essentially color-blind 
in the regions of its limiting resolving power; and where such detail is 
involved, the eye will be lacking in color perception even though detail is 

resolved. 

The visual sensation of brightness as a function of scene luminance is 
logarithmic over restricted ranges. This relationship is expressed by the 
Weber-Fechner law as 

AS = K log (2-5) 

ot 

where B i and B t are two luminance levels and AS is the incremental sensa¬ 
tion corresponding to them. This relationship does not hold for the 
whole range of brightness levels which the eye can accommodate but only 
for variations in luminance of a portion of a scene once an average scene 
luminance has been established and the iris opening of the eye has had 
time to adjust to this average scene luminance. The eye can actually 
accommodate a remarkable range of luminance levels but not all simul¬ 
taneously, that is, not all in any given scene. The upper limit of bright¬ 
ness tolerance is around 15,000 ft-lamberts. This level is approached 
by snow in bright sunlight which has a brightness upwards of around 
10,000 ft-lamberts. Motion-picture highlights are usually less than 10 ft- 
lamberts, and present-day television screens are less than 200 ft-lamberts. 
At low levels of average illumination, the contrast range which can be 
accommodated by the eye in a given scene is about 10 to 1. In ordinary 
daylight, the range of discernible contrast is near 1,000 to 1. The cones 
of the eye become inactive below 0.01 ft-lambert, although the rods 
allow dark-adapted vision down to 10“* ft-lainbert. At these low levels, 
it may take a matter of minutes to hours for the eye to adjust itself to 

optimum vision. 

The term white light does not explicitly define the exact spectral 
distribution. The distribution for sunlight is that shown in Fig. 2-4. 
Shown with it is an approximation known as standard source C or illu- 

» For experimental data concerning visual acuity where color is involved, see M. W. 
Baldwin, Subjective Sharpness of Additive Color Pictures, Proc. IRE, Vol. 39, No. 10. 
pp. 1173-1176, October, 1961. 
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minant C, which is derived from the radiation from a tungsten lamp 
with specified color filters and illuminating a perfectly diffusing surface. 
This source very nearly has the spectral distribution of light from the 
northern sky. In colorimetric work, light having equal radiant energy 
at all visible wavelengths is sometimes used as a reference, although it 
would be difficult to duplicate by an artificial source. Such a distribu¬ 
tion is referred to as “equal-energy white.” 

Because of the highly subjective nature of color perception and the 
many factors involved in color reproduction, the basic problem for those 
involved in the formulation of color-reproducing processes ranging all 
the way from interior decorating to color printing and color television is 
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Wavelength, 

Fio. 2-4. Spectral distribution of sunlight and artificial daylight source. 

that of establishing a means for specifying and describing color in terms 
which can be regarded as standard and which remove the subjective 
aspects from the measurements in so far as possible. 

In the process of vision, there are two general classes of sensation: 
achromatic, which refers to one dimension, brightness; and chromatic, 
which is a function of three parameters, hue, brightness, and saturation! 
Brightness is a term which is the visual sensation corresponding to scene 
luminance, which is the exact photometric quantity defined as luminous 
intensity per unit projected area perpendicular to the observer as meas¬ 
ured in candles per square foot, or foot-lamberts. Hue, or value, which 
gives rise to the sensation of color, is descriptive of the dominant wave¬ 
length in the light. Saturation, or purity, is descriptive of the percent- 
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age of this dominant wavelength as contained in a mixture with white 
light. Achromatic systems, or “black-and-white" systems, are image- 
producing, or perception, systems in which the aspects of hue and satu¬ 
ration are not identifiable. In other words, color is not a part of the 
final perception, and the visual information is brightness information in 
terms of shades of gray. 

Hue, saturation, and brightness are not aspects of light which can be 
uniquely identified in the visual process, and many combinations of these 
factors may be made to yield equivalent visual sensations. 

The spectral-response curve of the eye varies widely from observer to 
observer, but in dealing with photometric quantities it has been neces¬ 
sary to establish an average, or standard, curve. This curve is known 



Fio. 2-5. 8p<*<'tral-response curve of the human eye (the luminosity function) adopted 
by the CIE. 

as the luminosity function and is shown in Fig. 2-5. Values from which 
this curve is plotted have been established as standard by the Commis¬ 
sion Internationale de 1’Eclairage (CIE; International Commission on 
Illumination) and are applied in the definitions of the photometric quan¬ 
tities. This visual spectrum as interpreted by the human sensory proc¬ 
esses consists of a series of different hues with gradual transitions between. 

The spectrophotometric curve is a plot of the spectral-reflection fac¬ 
tor or reflectance, of a surface as a function of wavelength of incident 
light. Typical curves for specific colored objects, shown in Fig. 2-6, 
show that surfaces usually specified by a single color have some reflect¬ 
ance at all visible wavelengths. The curves when multiplied by the 
luminosity function could be used as a specification for the color stimulus. 
However, the brightness, hue, and saturation are all involved in the data. 
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and two objects giving an identical color stimulus might have widely dif¬ 
ferent spectrophotometric curves. 

It is possible to match the visual sensation of a particular color in most 
cases by additive mixtures of three primary colors. The widest gamut 
can be produced with red, blue, and green primaries. 1 For example, yel¬ 
low is produced by the overlapping of red and green light beams projected 
on a uniformly reflecting surface. 



Fig. 2-6. Typical spectrophotometric curves of colored objects. 

Not all colors can be matched by red, blue, and green primaries (or, 
for that matter, any set of three real primaries). Where this is so, one 
or two of the primaries must be added to the color before a match can be 
obtained. If such is the case, it may still be stated that a given radiant 
flux of a specific color C may be specified by 

C = R G -h B (2-6) 

where R, G, and B represent radiant fluxes of the red, green, and blue 

1 Subtractive mixtures which make use of red, blue, and yellow primaries and are 
involved in color printing and in paint mixtures are not discussed here of 

their relative unimportance in the synthesis of color television images. 
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components, respectively. However, if one of the colors, say red, must 
be added to C (thus modifying its hue) before a color match may be 
made, the component R in the above equation must be considered as 
negative. The curves of Fig. 2-7 show the relative amounts of spectral 


Blue 

and 



Wavelength, m/i 


Fio. 2-7. Relative amounts of spectral red (700 m/0, green (646.1 m*i), and blue 
(435.8 m/0 radiant energies required to match spectral colors at various wavelengths. 



Fio 2-8 Curves of Fig. 2-7 plotted in termB of relative numbers of lumens of each 
primary color required to color-match at specific wavelengths. 

red blue, and green primaries required to match spectral colors of each 
wavelength. The particular primaries shown have been defined as stand¬ 
ards by the CIE. The green and blue primaries are lines in the spectrum 
of the mercury arc and are readily reproducible, and the red primary is 
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relatively noncritical. Multiplication of the ordinates of these curves by 
the corresponding ordinates of the luminosity function converts the data 
to the lumens per watt required of spectral color. The resulting curves 
are shown in Fig. 2-8. The same data are usually expressed in what are 
known as the tristimulus values shown in Fig. 2-9. Here the size of the 
units of the red, blue, and green primaries are chosen such that equal- 
energy white is matched by an equal number of units of each of the pri¬ 
maries. It is not necessary to specify a color in terms of this set of red, 
green, and blue primaries or, for that matter, any set of real primaries. 
Some other set of arbitrarily established nonphysically realizable prima¬ 
ries may be used. In terms of the other three primaries, none of which 



Fio. 2-9. Curves of Fig. 2-7 plotted in terms of the tristimulus values. Each spectral 
color has relative unit size as follows: Ls:L 0 :Z/b =» 1:4.5907:0.0601 (L =* luminance 
of one unit). 

need be negative, any color may be specified. The numerical specifica¬ 
tion of color is the function of the science of colorimetry, 1 which has 
developed methods of measurement and specification which are indirect 
but are intended to reduce the factors of observer difference in so far as 
possible. 

A set of X, Y, and Z primaries has been specified by the CIE. These 
primaries do not represent real spectrum colors but can be obtained by 
suitable transformations involving primaries of real colors such as the 
CIE spectrum primaries just discussed. The amounts of these new pri¬ 
maries added together in such proportions to match a spectral color of a 
specific wavelength are referred to as the trislimulua coefficients at that 

1 The basic elements of colorimetry and color matching, particularly as related to 
the possible requirements of color television systems, are summarized by W. T- Win- 
tringham, Color Television and Colorimetry, Proc. IRE, Vol. 39, No. 10, October, 
1951. This reference gives a complete history of the study of the nature of color 
dating from the beginnings with the work of Newton early in the eighteenth century. 
An extensive bibliography is included. 
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wavelength. The standard CIE color-mixture curves are shown in Fig. 
2-10 The curves x, y , and z show the relative amounts of the X, Y, 
and Z primaries required to match the spectrum color at each wavelength. 

Choice of the particular X, Y, Z primaries results in tristimulus value 
curves having no negative regions, in the Y primary being of the same 



» ■ ^ - - w 0 — 

Fio. 2-10. TriBtimulus values of nonphysical primaries, X, Y, and Z. 

shape as the luminosity curve (the luminance of a color is proportional 
to Y), and in the relative luminance values of the primaries being L x - 0. 

"For two-dimensional representation, it is convenient to transform the 
X, Y, and Z primaries into a new set of x, y, and 2 primaries, where 

X 


X = 


+ Y 

y X + V + Z 


(2-7) 


x+y+z=\ 


z 



20 


FUNDAMENTALS OF TELEVISION ENGINEERING 


With this transformation, any color specified by the three X, Y, Z pri¬ 
maries may be specified by only two of the x, y, z coefficients. The 
graphical representation of color in terms of the trichromatic coefficients 
is known as the chromaticity diagram and is shown in Fig. 2-11. Spec¬ 
tral (or saturated) colors appear on the boundary of this curve, and 
unsaturated colors on lines connecting the boundary with the equal- 
energy white point W. 



Value of chromaticity coordinate x 
Fm. 2-11. The chromaticity diagram. 


The y primary appears on the chromaticity diagram at the coordinates 
y = 1, ^ ~ 0, the x primary at x = 1, y = 0, and the z primary at x = 0, 
V = 0- These three primaries may be thought of as fictitious green, red. 
and blue primaries, respectively, since they appear in the regions of the 
diagram which lie outside the realm of real colors. 

The coordinates of x and y required to match a specified color are 
known as the trichromatic coefficients for that particular color. 

A given color as found in, or synthesized from, nature corresponds to 
a range of wavelengths represented as/(X), where 

/(X) = 


(2-8) 
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where £?(X) is the radiance on a surface at wavelength X and R(\) is the 
reflectance ot the surface at the same wavelength. The total amount of 
X Y, and Z primaries contained in a specific color is obtained by graph¬ 
ical integration of the product of the /(X) curve and the standard color- 

mixture curves as 


/ 


Xc= | o ‘f/(x)dx 

Yc= f 0 " MV 
Z e = f~ z/(X) dX 


(2-9) 


The trichromatic coefficients of these are 




Xr = 


ye = 


X e + Yc + Ze 
Y c 

X e + Ye + Z c 
Z e 


( 2 - 10 ) 


Ze V* 


Xe + Ye + Z c 


If the processes represented by Eq. (2-9) and Eq. (2-10) are carried 
out for the artificial daylight source described as standard source C, the 
coefficients are found to be x c = 0.3101, y e = 0.3163, and z c - 0.3736. 
These values for x e and y e define the point C on the chromaticity dia¬ 
gram. However, the color-mixture curves were originally chosen such 
that the areas under the three curves were equal. Thus, if the above 
processes are carried out for an equal-energy spectrum, the values 
Zc = y c = Ze = 0.333 result. This equal-energy white is plotted as 

point W on the chromaticity diagram. 

Areas on the chromaticity diagram showing colors of various satura¬ 
tions and the descriptive terms generally applied to them are shown in 

Fig. 2-12. , . , 

The intersection of a line passing through a particular color identified 

by the coordinates x e and y e with the boundary of the chromaticity dia¬ 
gram is the dominant wavelength, and the relative distance out from 
equal-energy white W represents its purity. The purity is expressed by 


ft 


( 2 - 11 ) 


where y. is ti*e ordinate of the spectrally pure color on the chromaticity 
diagram. 

Examination of the chromaticity diagram shows the bottom region 
closed by the straight line. This region represents the various purples 
and the line itself represents the limit of reproducible colors in a three- 
color system. The limit of colors reproducible by the CIE spectral pri- 
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maries is shown as enclosed by the triangle of Fig. 2-13a. The colors 
which cannot be reproduced are the near-saturated greens and blues. 
Another choice of primaries might be as shown in Fig. 2-136, which 
would exclude more of the greens, oranges, and yellows. Experience has 
shown that these are more important for pleasing color reproduction. 
For this reason the choice of the CIE primaries is a better one. 

It is not essential that the primaries used in an additive system be 
saturated primaries. As a matter of fact, it would not even be possible 



Fig. 2-12. Hungc of various lines on the chromaticity diagram. (By permission o, 
I). B. Judd, "Color in Science, Business and IndustryJohn Wiley and Sons Itu- 
New York, 11)52.) ’ 


in most situations. A choice of primaries might be made of unsaturated 
primaries having a wide spectral distribution. Any one such primary 
might be made to approach the same x„ y< value of the corresponding 
CIE primary. These primaries would be established by the proper com¬ 
bination of radiance and suitable color filters. 

Specification of the radiant properties in terms of x, //, and 2 primaries 
is a specification of chromaticity only. In order to make the specifica¬ 
tion complete, a separate determination of luminance must be made 
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Thus, specification of the x and y coordinates, together with a statement 
of total luminance, completely identifies a color in terms of the funda¬ 
mental quantities of brightness, hue, and saturation. 

2-4. System Requirements for the Preservation of Image Detail. 
Ideally, a television system with an electrooptical conversion device, a 
transmission channel, and an image-reproducing device would be capable 
of preserving all the detail contained in a 
scene that the eye is capable of utilizing. 1 0 
Determination of the necessary charac¬ 
teristics of such a system requires a study os 
of optical lenssystems, photographic film, 
pickup devices, amplifiers, and picture- Q( . 
reproducing devices (usually cathode-ray 
tubes). The detail which can be repro¬ 
duced in a system is limited primarily by 04 
the pickup and reproducing devices. 

An optical-electrical conversion device 02 
is limited in its ability to reproduce de¬ 
tail by the characteristic of the surface 
on which the original scanned image is 

formed. In the pickup device, this sur- (a) CIE speclral Primaries 

face characteristic is an electrooptical 




characteristic, and the exact nature of its 
limitation depends upon the particular 
way in which photoelectric principles are 
employed. 

In an optical system, the resolving 
power depends as well upon the size of 
the aperture through which the scene is 
viewed. The scanning beam in the 
pickup tube presents a limitation which 
can be thought of as being equivalent to 
a given aperture area. This is a limita¬ 
tion upon both pickup and reproducing 
devices and depends upon the cross-sec¬ 
tion area of the scanning beam, the na¬ 
ture of the electron distribution over it, 
and the separation of individual scan¬ 
ning lines. Details of practical pickup 



frio. 2-13. Limits of reproducible 
colors with particular choices of 
spectral primaries. 


and reproducing devices and their limitations will be discussed in Chaps. 
4 and 5, but for a first approximation in the determination of system 
requirements it will be assumed that aperture distortion and its equiva¬ 
lent in scanning-beam area can be neglected and that the number of pic¬ 
ture elements which can be resolved have the same angular spacing that 
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the eye would see when viewing the scene directly. With these simplify¬ 
ing assumptions as a basis, the scanning requirements will be studied. 

2-6. Scanning Methods and the Video Signal. The scanning mechan¬ 
ism is the portion of the entire television system which deserves the most 
attention from the standpoint of the necessity of formulation of stand¬ 
ards of methods and performance. Once the scanning system is stand¬ 
ardized, the performance of the system is specifically limited. A detailed 
study of the effect of scanning rates upon performance is therefore 

necessary. 

Scanning, as has been shown, is that process which makes possible the 
conversion of optical information as functions of space and time into elec¬ 
trical information expressed as a function of time only. It is this con¬ 
version process which makes possible the use of a single transmission 
channel. Otherwise, there would be required as many transmission 
channels as there are simultaneous units of optical information to be 
reproduced. 

In the scanning process, the amount of detail actually converted to use¬ 
ful information depends upon the total percentage of picture area actu¬ 
ally contacted by the electron beam. The scanning process is such that 
the picture area is traversed at repeating intervals, giving in effect a 
series of single pictures, much in the same manner that motion pictures 
are presented. The repetition rate of these successive pictures (usually 
referred to as frame rate) determines the apparent continuity of a mov¬ 
ing scene. This rate must be chosen sufficiently, high so that neither dis¬ 
continuity of motion nor flicker is apparent to the eye. 

The scanning method chosen might depend upon the geometry of the 
image to be reproduced. Conversely, it could be said that the geometry 
to be chosen might depend upon the scanning system if some particu- ■ 
larly simplified method lent itself unusually well to a given geometrical 
pattern. However, it is logical that the geometry should be chosen by 
the viewer of the final reproduced picture. Here, it is useful to rely 
upon the experience of the motion-picture industry, which until the 
advent of stereo techniques reproduced a rectangular pattern having an 
aspect ratio (picture width to picture height) of approximately 4:3. 
Most subjective tests have indicated that ratios approximating this ar* 
most pleasing artistically and less fatiguing to the eye. No known sub¬ 
jective tests have given sufficient reason to depart greatly from the 
standards of the motion-picture industry in this matter. A physiologi¬ 
cal basis for this might be that the eye is less restricted in its range of 
movement in a horizontal than in a vertical direction. Also, the fovea, 
or area of greatest resolution, is somewhat wider than it is high. Thus, 
the area of the fovea is most efficiently utilized. 

Once the geometry of the image has been specified, it remains to deter¬ 
mine what sequence may be used by the scanning beam to cover the 
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entire area. For a picture of rectangular geometry, any form of spiral 
or circular scanning would be wasteful of scanned area. Also, scanning 
of this type would result either in nonuniform coverage of the area or in 
varying scanning velocities. A varying scanning velocity for the prac¬ 
tical known pickup and reproducing devices results in varying output for 
constant scene brightness. Correction for this variation would be 
necessary. 

Most practical television systems, therefore, resort to linear scanning 
of the image. Also, it is common practice to scan the image from left to 



(a) Path of scanning beam in 
covering picture area 




(c) Waveform of electric or magnetic fields producing 
linear (constant-velocity) scanning 
Fio. 2-14. Illustration of linear scanning. 


right, starting at the top and tracing successive lines until the bottom of 
the picture is reached, then returning the beam to the top and repeating 
the process. This sequence, which is a more or less arbitrary conven¬ 
tion, is shown in Fig. 2-14a. The direction of the arrows on the heavy 
Lines indicates the forward, or useful, scanning time, and the dashed lines 
indicate the retrace time, which is not utilized in converting picture infor¬ 
mation into useful electrical information. The movement during the 
return of the scanning spot to the top of the image is shown in Fig. 2-146. 

This is the type of scan which would result in a cathode-ray device 
when the scanning-spot position is determined by the horizontal and ver¬ 
tical components of electric or magnetic fields where these components 
are repeating linear functions of time, as shown in Fig. 2-14c. If the 
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repetition rate of the horizontal component is related to the vertical com¬ 
ponent by the factor n, then n lines are formed during a complete vertical 
period. The retrace times involved (both horizontal and vertical) are 
due to physical limitations on practical scanning systems and are not uti¬ 
lized for transmitting a video signal but may be employed for the trans¬ 
mission of auxiliary information. 

The Video Signal. An electron beam, scanning across a photosensitive 
surface of various pickup devices (to be discussed in Chap. 4), can be 
made to produce hi an external circuit a time-varying electrical signal 
whose amplitude is at all times proportional to the illumination on the 
surface directly under the scanning beam. The upper frequency limit 
of the amplifier for such signals will be shown to be dependent upon the 
velocity of the scanning beam. 

Most scenes have brightness gradations in a vertical direction. The 
ability of a scanning beam to allow reproduction of electrical signals cor¬ 
responding to these gradations may be seen to be dependent upon the 
number of scanning lines and not upon the velocity of individual scan¬ 
ning lines. However, it is apparent that the two are integrally related 
if the picture-repetition rate and the number of lines are fixed. 

It is possible to arrive at some estimates of the number of lines neces¬ 
sary to reproduce known variations in light intensity in a vertical direc¬ 
tion from consideration of the bar pattern in 
Fig. 2-15, consisting of alternate light and dark 
bars. If the number of scanning lines is cho¬ 
sen equal to the number of bars and the spac¬ 
ing is such that successive scanning lines cover 
alternate light and dark bars, then electrical 
information corresponding to the brightness of 
each bar will be produced. So long as the 
scanning lines fall in the positions shown, their 
total number need not exceed the number of 
bars corresponding to the limiting resolution 
of the eye at the minimum viewing distance to 
be employed. From consideration of Figs. 2-1 and 2-15, the maximum 
number of alternate light and dark elements which can be resolved by 
the eye is given by 



Fin. 2-15. Horizontal-bar 
pattern for determination of 
required number of scanning 
lines. 



( 2 - 12 ) 


where N v = total number of elements to be resolved in vertical direction 
a = minimum resolvable angle of the eye, rad 
p = D/H = viewing distance/picture height 
The relationship expressed by Eq. (2-12) gives the number of picture 
element^ which may be resolved by a given optical system for a specified 
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picture height and viewing distance. For the eye, this resolution is 
determined by the rod-and-cone structure and depends upon brightness 
level and contrast ratio. 

The scanning lines cannot be assumed to occupy the position relative 
to vertical detail shown in Fig. 2-15 at all times. In practice, therefore, 
from subjective data based on various arrangements of vertical detail, it 
has been found that lines in excess of the number of elements to be 
resolved are necessary. This may be expressed by 

N v = kxNAL (2-13) 

where N t is the number of vertical elements to be resolved, N A i. is the 
number of active, or useful, lines (excluding lines formed while the beam 
is returning to the top of the picture), and Arj is a constant obtained 
either from subjective measurements or from a more complex theoretical 
analysis. Some subjective tests, based on the use of a bar pattern con¬ 
sisting of a tapered wedge of almost horizontal converging alternate 
black and white bars, have indicated that, on the average, approximately 
64 per cent of the scanning lines are useful in preserving detail. 1 In 
other words, the factor k i should be 0.64. Other studies made were 
based on the reproduced width of a single line when crossed at an angle 
by the scanning lines. 2 These results led to a value for k i of 0.71. 

Other attempts were made to arrive at an optimum line number by 
using a pattern in which the upper portion was black and the lower 
white. 8 The transition as the scanning lines crossed the boundary at an 
angle was analyzed. This study included scanning aperture effects and 
the visibility of line structure as a factor and indicated that because of 
line-structure visibility the number of lines should be somewhat greater 
than that dictated purely from consideration of resolution. 

It is convenient to rewrite Eq. (2-13) in terms of the total number of 
lines as 

N v = kiltxNc (2-14) 

where 

_ Nal _ numb er of active or u sefu l lines 
1 ~ N i. number of lines required, including retrace 

This equation assumes that a scanning system is employed whicu 
requires a finite time for the scanning beam to return to the starting 
point after one complete scan of the image. During this time, horizon- 

1 R. D. Kell, A. V. Bed.'ord, and M. A. Trainer, An Experimental Television Sys¬ 
tem, Proc. IRE, Vol. 22, No. 11, p. 1247, November, 1934. 

* H. A. Wheeler and A. V. Loughren, The Fine Structure of Television Images, 
Proc. I HE, Vol. 26, No. 5, May, 1938. 

* R. D. Kell, A. V. Bedford, and G. L. Fredendall, A Determination of Optimum 
Number of Lines in a Television System, RCA Rev., July, 1940. 
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tal lines continue to he formed. If this retrace codld he accomplished in 
zero time, the quantity Ri would, of course, be unity. 

The necessary resolution of vertical detail in a scene is shown, by the 
discussion just completed, to set the requirement on the number of scan¬ 
ning lines in the system. The horizontal resolution of the system will 
now be shown to depend upon the bandwidth of the transmission chan¬ 
nel for the video information, this requirement being related to the veloc¬ 
ity of the scanning beam. If one line of horizontal scanning passing over 

the horizontal detail shown in Fig. 
2-16a is considered, it is apparent that 
the time required for the beam to cross 
one light or dark element is 



L = 


l/K 

N h 


(2-15) 


(a) Vertical bar pattern for determination 
of amplifier requirements 


n n n ru~L . 

Time 

(6) Ideal output waveform resulting 
from one line scanning of (a) 

Fio. 2-16. Basic pattern for deter¬ 
mination of video requirements. 


where l /fk is the time required for the 
scanning beam to travel the full width 
of the image in the forward direction 
and Nk is the total number of picture 
elements (both light and dark) in the 
horizontal direction. 

The above equation may be written 


as 


t. = R* 


Ni 


( 2 - 10 ) 


where 

t fK time required for one active scanning line 

1 — t h ~ total horizontal scanning period, including retrace 

The video output signal consists, ideally, of the rectangular waveform 
shown in Fig. 2-165 if .lie scanning velocity across the surface is constant. 
If the spacing of elements corresponds to the limiting resolution of the 
eye, the eye will distinguish between the light and dark areas but will 
not recogni'-^ the shape of the variations. Thus, the eye will not dis¬ 
tinguish the difference between a square wave of brightness variation 
and a sine wave of brightness vaviation in the reproduced picture. There¬ 
fore, if the amplifier for this square-wave signal is capable of responding 
to a sine wave of frequency equal to the repetition frequency of the rec¬ 
tangular wave, it is satisfactory for the purpose and need not bear the 
burden of reproducing the sharp edges. The upper frequency limit based 
on this criterion is, therefore, the reciprocal of 2which is 



1 N, 

2R, l h 


(2-17) 
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The pair of equations, (2-14) and (2-17), express the required number 
of lines necessary for the scanning system and the upper limit on fre¬ 
quency response of the video system in terms of the required vertical 
and horizontal resolution. It is desirable that this information be 
expressed in a single equation defining upper frequency limit in terms of 
number of lines. If the relationship between number of horizontal 
elements and vertical elements to be resolved is expressed by 


then 


N a = ktN. 


(2-18) 


, _ 1 k 2 H v 
J 2 R 2 t K 


(2-19) 


However, the horizontal 
tk - I./Nl ; so 


and vertical scanning time are related by 


_ 1 k 2 N t N L 

J 2 RiU 


( 2 - 20 ) 


Combination of Eqs. (2-14) and (2-20) yields 


f = 2k kikiRi( NL)tf ' 


( 2 - 21 ) 


In the special case for equal horizontal and vertical resolution of the 
image, k 2 becomes the aspect ratio of the picture defined by 

W 

a = H 

If the above substitution is made, the return time of the beam neglected 
in comparison with the active, or useful, time, and the quantity ki 
assumed as unity, then Eq. (2-21) may be expressed in the simplified form 

f = l Aa(N L )*f v (2-22) 

This expression leads to a conservatively high value for the upper fre¬ 
quency limit, since the factor k^RJR 2 ) will, in general, be less than 
unity. 

It is desirable that the upper frequency requirement be kept as low as 
possible because of practical difficulties in extending the available fre¬ 
quency spectrum. For a given requirement in resolution, this is made pos¬ 
sible only by lowering the scanning speed. If a required vertical resolu¬ 
tion defines a particular number of scanning lines, the result is a lowering 
of picture-repetition rate, which may be beyond the limits set by flicker. 
A practical system design makes a logical compromise among the con¬ 
flicting requirements. 

Equations (2-21) and (2-22) are expressive of a fundamental law of 
communications, the interchangeability of time and bandwidth. If a 
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total number of units of information is to be transmitted over a channel 
in a given time by specified methods, a specific minimum bandwidth is 
required. If the time available for transmission is reduced by a factor, 
or if the total information to be transmitted is increased by the same 
factor, the required bandwidth is increased by this factor. Suppose, 
for example, the picture detail in both horizontal and vertical directions 
is to be doubled without changing the frame rate. This represents an 
increase in total picture elements by a factor of 4. In order to double 
the vertical detail, the number of lines must be doubled. Substitution 
in Eq. (2-21) or Eq. (2-22) results in an increase in required bandwidth 
by a factor of 4, which is the same as the increase in the number of pic¬ 
ture elements. 

Interlacing of Scanning Lines. The conflicting system requirements 
may be eased somewhat by a principle known as interlaced scanning. 
The vertical resolution of a system depends upon the total number of 
active scanning lines, whereas the critical flicker frequency (OFF) is the 
lowest possible apparent picture-repetition rate which may be used with¬ 
out visible flicker. If, during one 
vertical scanning field, alternate scan¬ 
ning (odd) lines are formed and dur¬ 
ing the second scanning field the re¬ 
maining (even) lines are formed, at 
the end of one frame period all the 
lines are formed. This process gives 
a vertical scanning frequency of twice 
the true picture-repetition, or frame, 
frequency. This situation is illus¬ 
trated in Fig. 2-17. The upper fre¬ 
quency requirement of the video sys¬ 
tem is given by Eq. (2-22) and is 
based on the true picture-repetition 
frequency, whereas the large-area 
flicker effects are based on twice this 
frequency, or the vertical scanning frequency. The principle of interlac¬ 
ing the scanning lines, therefore, by cutting the complete picture-repeti¬ 
tion rate in half allows a system to maintain the same resolution and 
flicker characteristics as a noninterlaced system with a bandwidth require¬ 
ment only half that of the noninterlaced system. 

Further improvement might result from more complicated interlacing 
systems. For example, the field frequency might be chosen as three 
times the picture-repetition frequency. The ratio of field to frame fre¬ 
quency cannot become too great, however, since flicker would begin to 
show up for small picture areas which would not be covered by all the 
successive fields making up a complete frame. 



-►— Field No. 1 (odd lines) 

-- Field No. 2 (even lines) 

-Retrace linos 

Fig. 2-17. Principle of interlaced 
scanning. 
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It should be noted that the fundamental concept of interchangeability 
of time and bandwidth is not violated, since the same relationship between 
the time required to transmit the total detail and the required bandwidth 
still exists. The bandwidth is decreased by increasing the time allowed 
for transmission. 

Additional Video Requirements. The analysis of video amplifier 
requirements with the vertical bar pattern as a basis does not take into 
account any phase shift which might occur in the amplifier as a function 
of frequency. Considerable phase shift might exist in an amplifier for 
frequencies at and below the upper limit used in the analysis, yet the 
bar pattern would be correctly reproduced except that it would be 
shifted slightly in the horizontal direction. However, the pictorial 
information of interest may not be the bar pattern but may result from 
some more complex light distribution represented, for example, by the 


eft) 

















* A -Time for one horizontal scanning line 
e(r)-Instantaneous amplitude of output signal 


Piq. 2-18. Output signul from pickup device for information repetitive at line-scanning 
frequency. 

time function of Fig. 2-18 of the resultant waveform. This waveform 
is shown as repeating itself for each line (no brightness change in a ver¬ 
tical direction). If the waveform is repetitive, the output voltage as a 
function of time e(t) may be expressed in terms of a d-e component, a 
fundamental frequency, / = u»/2t r = 1/7,„ and higher harmonics thereof 
This may be written as the series 

•e 

c(t) = S E k cos (AW + e k ) (2-23) 

k *• 0 

where represents the amplitude of individual harmonic components 
and 0* represents the phase shift of the individual harmonics. The 
amplitudes of the various frequency components can be determined from 
the Fourier-series method of analysis.' It is apparent that if there is 
phase shift in an amplifier at some of the component frequencies, the 
original waveform will not be preserved unless such phase shift is pro¬ 
portional to frequency for all frequencies contained in the original wave* 

1 For a complete treatment of the Fourier series and its application to communica¬ 
tion problems, we 10. A. Guilleman, “Mathematics of Circuit Analysis,” John Wiley 
A Sons, Inc., New York, 1048. 
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(a) Abrupt change in brightness level 
along a scanning line 


e(0 
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form. It is necessary, therefore, that some specification bo placed on 
amplifier performance which takes into account phase shift as well as 

amplitude response. , 

In general, the basic informatioh which is produced as a result of the 

scanning process is not repetitive, and the one-dimensional Fourier series 
expressed by Eq. (2-23) is subject to modification where vertical detail 

is also present. The problem involv¬ 
ing reproduction of fine detail is, fun¬ 
damentally, one of the responses to 
an isolated brightness change or a 
group of such changes as the scan¬ 
ning beam crosses the boundary 
between the two brightness levels. 
This situation may be analyzed by 
one of the generalized methods of 
transient analysis which will be dis¬ 
cussed in Chap. 7. 

If a system has an instantaneous 
full-amplitude response with no over¬ 
shoots to a sudden change in bright¬ 
ness level, its response is correct for 
any other form of excitation. Fur¬ 
ther, it may be shown that if the 
response to this type of function is 
known, its response to any other form 
of excitation may be found by one 
of the known methods of transient 
analysis. It is true, also, that the 
response to this type of function 
likewise uniquely defines the fre¬ 
quency and phase characteristic, al¬ 
though this determination is not 
always a simple matter in practical 
circuits. 

Ideally, the response of an ampli¬ 
fier to an abrupt change in signal 
level as represented by Fig. 2-19a is that of Fig. 2-191), where the time 
delay T d required for the pulse to travel through the system is of no partic¬ 
ular significance. In practical systems, the response can never be ideal 
and in general has one of the forms illustrated in Fig. 2-19c. The fun¬ 
damental quantities involved in these responses are the rise time T„ the 
maximum value of overshoot or undershoot 6 from the final or steady- 
state value, and the delay time T d . The rise time is taken somewhat 
arbitrarily as the time required to go from 10 to 90 per cent of full ampli- 


(6) Idealized time response of a system to 
abrupt change: finite transmission time 
through system defined as T d 



(c) Physically realizable time responses 
of a system. T r defined as rise time 
and b as overshoot 

Fxa. 2-19. Transient characteristics of 
video system. 
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tude The lower figure of 10 per cent is included so that the evaluation 
of the merit of the amplifier will not be penalized for having an over-all 
delay characteristic which will not affect the visual effect of the transi¬ 
tion Since the eye, in general, is not sensitive to bnghtness changes 
of much less than 10 per cent, the specification of rise time in terms of 

90 per cent of full amplitude seems reasonable. 

If the limiting resolution of the eye is represented by a distance d 
along a scanning line for a predetermined viewing distance, the rise time 
of the amplifier response should be less than the time required by the 
scanning beam to cover the distance d. If the rise time is greater than 
d the eye would see the reproduced image of the transition as being 

blurred. . . 

Perhaps a better criterion for performance is the response of a system 

to the impulse as shown in Fig. 2-20a. The width of the reproduced 




Impulse 


Forms of response 


la) Impulse of finite width and response of 
system with limited bandwidth 


JJL j\a_ 

Double impulse Forms of response 

(6) Double impulse and response of 
system with limited bandwidth 

Fia. 2-20. Ability of system of limited bandwidth to resolve detail in terms of its 
impulse response. 

detail and the amplitude as a fraction of the nominal gain of the system 
gives a measure of the ability to respond to an isolated detail An even 
better evaluation is in terms of the double-impulse response shown in 
Fig. 2-20 b, which indicates more directly ability to resolve detail. These 
responses are, unfortunately, much more difficult to evaluate mathemat¬ 
ically than the simple step-function response. 

2-6. Low-frequency Requirements. The analysis of signals produced 
by the bar pattern gives no information regarding the low-frequency 
requirement of a video amplifier used to amplify such signals. 

This requirement may be determined from consideration of a different 
type of test pattern shown in Fig. 2-2la. The signal output ideally 
would be the voltage waveform shown by Fig. 2-215. It is apparent, 
then, that any amplifier capable of reproducing this waveform would be 
tequired to have good square-wave response at vertical field frequency 
Ar.y degradation in response, such as that of Fig. 2-21c, would result in 
cnightness distortion as shown by (d). In order to have satisfactory 
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square-wave response at field frequency, an amplifier must have good 
• sine-wave response with negligible phase distortion. This, in general, 
requires good single-frequency response at much lower frequencies than 
field frequency for most practical amplifiers. 

In addition to correct phase and amplitude response at field frequency, 
it is necessary to preserve the d-c component of the brightness signal, or 

at any rate, if the d-c component is 
lost, it must be possible to reinsert 
it at critical points in the system. 

The frequencies actually present 
where brightness changes in the ver¬ 
tical direction are present can be rep¬ 
resented by the series 



«(0 




Time 


(6) Ideal response to scanning 
of single bar pattern 



Time 


(c) Distorted response due to poor system 
low frequency response 


(o) Single bar pattern 

e(£) = ^ Ei cos {Icoft -j- di) (2-24) 
z-o 

where l — 1 gives the component at 
frame frequency ay. 

If an interlaced system is involved, 
the low-frequency content varies but 
little for alternate scanning fields, 
with the component in the series for 
l = 1 being negligible, and the low¬ 
est frequency component of any ap¬ 
preciable magnitude is at twice the 
frame frequency, or ay, where ay is 
the vertical scanning frequency, that 
is, l = 2. Thus, onlj r the lowest fre¬ 
quency component that the system 
need be capable of preserving is rep¬ 
resented by vertical scanning fre¬ 
quency ay and not frame frequency 

CO/. 

2-7. An Estimate of System Re¬ 
quirements. In a practieal television 
system the vertical-field repetition frequency is determined on the basis 
of the critical flicker frequency for the particular maximum brightness 
levels and waveforms of light excitation assumed. Some idea of this can 
be obtained from the curves of Fig. 2-3, although direct subjective meas¬ 
urements under the actual conditions are probably more accurate. 

The minimum resolvable angle would then be found from the curves of 
!• ig. 2-2 unless the assumed brightness and contrast ratios are such that 
the rod-and-cone structure of the eye becomes the limiting factor. 

The number of vertical elements to be resolved may be found from 



(d) Brightness distortion in reproduced image 
due to poor system low frequency response 

Fks. 2-21. Effect of degraded low-'V e- 
queney response on performance of 
system. 
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Eq. (2-12) for a minimum assumed viewing distance and the minimum 
resolvable angle previously found. 

From a knowledge of the limitations of practical scanning circuits, a 
figure for (defined following Eq. (2-14)] would be chosen, which for 
reasons of efficiency should be as large as possible. Application of Eq. 
(2-14) then would yield the total number of lines. 

The quantity Ri would also be chosen from practical circuit limitations. 
The upper frequency requirement for the video system would be found 
by application of Eq. (2-21) after the dimensions of the image are decided 
and the required value of k 2 found. If equal horizontal and vertical 

resolution are assumed, k 2 = b /H = a > the aspect ratio. 

Example. Suppose that the brightness of a scene is a constant value 
of 10 ft-lamberts and that this is to be simulated by a repeating light 
excitation of one of the exponential decaying waveforms of Fig. 2-3, with 
the ratio t/T of 0.2 From Fig. 2-3, the required minimum frequency 
for freedom from flicker is 58 cps. For convenience, 00 cps is used 
instead. Now, if a 2-to-l interlaced scanning system is to be employed, 
this requires a vertical frame frequency of 30 cps if the scanning system 
is to simulate the effect of the original excitation. 

Suppose that the entire scene is not of constant brightness, but some 
portions of it have certain brightness gradations, and that the maximum 
contrast existing in any of these areas is in excess of 30 per cent in areas 
having an average brightness of 10 ft-lamberts. This falls outside the 
useful region of the curves of Fig. 2-2, and it may be assumed that the 
rod-and-cone structure determines the minimum resolvable angle. This 

is an angle of approximately 1 min. 

If a minimum viewing distance of four times the picture height is 
assumed, the number of vertical elements found from Eq. (2-12) is 


Nv '(*7180) Ao X 4 


800 


If a value for ki of 0.7 is chosen and a value for R x of 0.95 based on prac¬ 
tical scanning-circuit limitations is assumed, the total number of lines 
found from Eq. (2-14) is 



8fi 2_ = i 3Qo 

0.7 X 0.95 


If an aspect ratio a of 4:3 is assumed with equal horizontal and vertical 
resolution and R 2 of 0.85 chosen from practical horizontal scanning-circuit 
limitations, the upper frequency limit of the video amplifier found from 
Eq. (2-10) is 

/ = -_L- ■ 1 x 0.7 X 0.95 X 1,300* X 30 = 22.6 X 10« cps 

2 X O.o*) o 

Practical Modification of Requirements. The conditions leading to the 
above requirements are much more stringent than usually found in prac* 
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tice. Extreme contrast ratios at high highlight brightness usually exist 
only for small, isolated picture areas. Also, when moving scenes are 
taken into consideration, the resolving capabilities of the eye are found 
to be lessened. These, and other factors, combine to lower the practical 
requirements on a system. 

Tests, which have been conducted 1 with many observers who have 
viewed both live pickup and still pictures of a wide variety, have shown 
that the eye can detect slight increases in sharpness up to 800 lines 
(active) for p = 4 on stationary objects of fine detail with high contract. 
This is slightly less than the number of elements to be resolved (860 
based on or = 1 min) of the preceding example. However, in these tests, 
little difference was noticed for line numbers of greater than 500 when 
moving scenes and normal television images were employed. 

If a system employing 500 active lines is applied to Eq. (2-21), all other 
factors remaining constant, the upper frequency requirement for the 
video system turns out to be / = 4.3 Me. 

2-8. Other Aspects of the Theory of Scanning. Although the analysis 
just completed shows a manner in which an estimate (although not a 
precise one) can be made regarding the required number of lines and the 
frequency limits of the transmission channel in terms of the line number, 
it does not give any information regarding the actual frequency content 
within this range for various types of picture content. Neither does it 
consider the effect of the line structure itself upon the reproduced image, 
nor the effects of a finite scanning-spot size at both the pickup tube and 
the viewing tube. The one-dimensional Fourier series of Eq (2-23) does 
not reveal any information regarding the reproduction or distortion of 
detail in the direction at right angles to the direction of scan. 

If horizontal detail alone is to be considered, the series of Eq. (2-23) 
can represent the video waveform. The frequencies present consist of 
the line-scanning frequency and various harmonics thereof. Otherwise, 
the series of Eq. (2-24), which consists of the frame frequency and its 
harmonics, is representative of the signal. 

If horizontal and vertical detail are both present, it would be expected 
that the signal would consist of multiples of both line-scanning and frame 
frequencies. This can readily be shown to be the case. Equation (2-24) 
for a single frame period may be written as the product of two functions 

r(0 = e h (t)e v (t) (2-25) 

where e*(<) is a component consisting of horizontal detail alone which 
can be expressed as 

ao 

e *(0 = y E k cos ( kw h t + 0*) (2-26) 


1 See Schade, tor. cit. 
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which is similar to Eq. (2-23), and e q (l) is given by 

e(t) 
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e Q (t) = 


edt) 


(2-27) 


with e(i) being the total signal given by Eq. (2-24). 
The total signal e(l) may be written as 


e (t) = ^ E k cos (/coj*t + Ok) y.E q cos (qu/t 4- 6 q ) (2-28) 

t-o a -0 


and rewritten as 

•o « 

^ ^ COS ~ ~ ^ 


Jt-0 fl-0 


-|- cos (hunt 4- + 0 k + 0,))} (2-29) 


This equation shows that the signal can be considered as consisting of 
components of frame frequency and its multiples (all terms for k - 0), 



of multiples of line-scanning frequency (all terms for q = C), and of fre¬ 
quencies (sidebands) disposed symmetrically about multiples of line-scan¬ 
ning frequency spaced at frame frequency and multiples thereof. 

This equation may be written in more compact form as 

e(t) - III cos (W + qo>/t + e kq ) j (2-30) 

4-0 

where E- q = E+« and 0_, = 0+,. 

Where there is an integral relationship between frame and line frequen¬ 
cies, multiples of line frequency are also multiples of frame frequency; 
therefore, all frequencies present are disposed with frame-frequency spac¬ 
ing about multiples of line-scanning frequency (including zero frequency). 
In other words, the higher multiples of frame frequency itself are spaced 
at multiples of frame frequency away from multiples of line-scanning fre¬ 
quency. The disposition of video energy is illustrated in Fig. 2-22. 
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Most of the energy is in relatively narrow bands clustered about mul¬ 
tiples of line-scanning frequency with very little energy between. It 
turns out that around 46 per cent of the entire spectrum is essentially free 
from useful picture information. 1 From this, it might be concluded that 
relatively inefficient use is made of the entire spectrum, and the possi¬ 
bility arises of making use of these nearly idle regions. 

Where interlaced scanning is involved, the structure of the video wave¬ 
form for alternate scanning fields differs significantly only in the matter 
of the high-frequency content. If the waveform is expressed as a Fourier 
series in terms of the frame frequency, it will be found that the energy at 
frame frequency and odd harmonics thereof is extremely small and that 
significant frequencies are ai even multiples of frame frequency starting 
with the second harmonic. Therefore, it might be said that the signal 
content for an interlaced system is of the same character as that for a 
simple progressive system except that the spacing of the sideband fre¬ 
quencies is at field-scanning frequency rather than at frame frequency. 

Confusion in Signal Components. The regions of the video spectrum 
spaced midway between multiples of line-scanning frequency (odd mul¬ 
tiples of half the line-scanning frequency) are not completely devoid of 
energy. These regions do, in general, carry high-frequency components 
which are involved in vertical detail. Consider, as an example, repeti¬ 
tive vertical detail equal to the spacing of scanning lines as was done in 
Fig. 2-15. Reproduction of detail comparable with the number of scan¬ 
ning lines was shown to depend upon accurate registry of the scanning 
lines with such detail. This exact registry is not, in general, representa¬ 
tive of the situation, a fact which led to the inclusion of the factor A',, 
relating required number of lines and detail to be resolved. This added 
factor represented a recognition of the fact that it was not possible to 
resolve detail comparable with the scanning-line spacing. For example, 
the position of the scanning lines with respect to two types of detail 
might be as shown in Fig. 2-23a. The video signal (assuming point scan¬ 
ning) would be as shown in Fig. 2-2-23 b, containing a fundamental com¬ 
ponent of half the line-scanning frequency and various harmonics thereof. 
The reproduced image, as shown in Fig. 2-23c, does not correctly represent 
this detail. Rather, it represents it as a combination of horizontal and 
vertical detail. It may be generalized that, even though vertical detail 
equivalent to scanning-line spacing cannot be resolved, frequency com¬ 
ponents may be generated at odd multiples of half the line-scanning fre- 


• The basic theory of lining and the detailed analysis of the signal content in 
the video spectrum wore first presented by Mertz and Grey. For the complete 
theoretical development, see 1>. Mertz and F. Grey, A Theory of Scanning and Its 
Relation to the Characteristics of the Transmitted Signal in Telegraphy and Televi¬ 
sion. ftdl System Tech. J., Vol. 13, pp. 164-515, July, 1934. Also see P. xMertz Televi¬ 
sion—The Scanning Process, Proe. IRE, Vol. 29, p. 529, October 1941 
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quency. These frequencies are extraneous in the sense that various types 
of picture detail may give rise to the same frequency components. These 
components, although they exist in what was originally referred to as the 
relatively empty hands, are of no value in the reproduction of detail and, 
furthermore, give rise to confusion or masking signals which cause a loss 

in effective resolution. 



(a) Possible placement of scanning lines 



(fc) Video waveform resulting 


JU_HJU-Q 

3 

(2) 

from line placement of (a) 



( 1 ) ( 2 ) 

(c) Reproduced information 

Fio. 2-2M. Misrepresentation of vertical iletuil. 


A pert are Effect*. The previous development has assumed point scan¬ 
ning. Actually, tin? effective frequency response of the system is a func¬ 
tion of the size and shape of the scanning spot both at the pickup and 
reproducing device. These effects are generally referred to as aperture 
effect*.' 

If the assumption*^ made that the output due to scanning across a 
boundary is proportional instantaneously to the energy in the scanning 

1 For a complete analysis of aperture efferta in all visual processes, see O. II. Schacle, 
Llcctro-optical Characteristics of Ten-vision Systems, Fart II, ItCA Her., Yol. 9, 
No. 2, pp. 245 289, June. 1948. 
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(a) Energy distribution in scanning spot 



(6) Isolated element of horizontal detail 



(<) Reproduced horizontal detail for finite scanning aperture 


Fio. 2-24. Effects of 


finite-scanning aperture size on reproduction of horizontal detail. 



Scanning spot 
cross section 




(a) Bar pattern 




(6) Pattern of squares 


Fia. 2-25. Aperture effects in vertical detail. 

beam at that point, then the situation as far as horizontal detail is con¬ 
cerned is shown in Fig. 2-24. The scanning spot with energy distribu¬ 
tion shown in Fig. 2-24a is made to scan across the sharp detail as shown 
in Fig. 2-246, the width of the line being small in comparison with the 
scanning aperture itself. The shape of the reproduced spot is determined 
by the width of the scanning spot. This is equivalent to limited band¬ 
width m the transmission channel. The reproduced horizontal detail is 
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shown in Fig. 2-24c. Where the width of the picture element is com¬ 
parable with the width of the scanning spot, the width of the resultant 

signal is a function of both. 

Suppose a finite aperture rather than a point aperture is used to scan 
the vertical detail of Fig. 2-23a as shown in Fig. 2-25. In this particular 
case the extraneous components are reduced, although not eliminated 
(since the higher-order harmonics are reduced). If vertical detail con¬ 
sists of the squares shown in Fig. 2-256, a point aperture will not resolve 
this detail pronerly But an illusion of sharpness is given where boundaries 
are crossed If the aperture is a finite one, there is less possibility of 
resolving the detail but the extraneous pattern will be less noticeable. 

Other forms of aperture of finite width on the order of line spacing 
minimize extraneous patterns at the expense of blurring. A scanning 
shape with an overlap having an energy distribution to give a flat field 



Fio. 2-2R. Energy distribution in scanning spot U> give a flat field. 


is shown in Fig. 2-26. Th* comparison between a flat field and some¬ 
thing that is an approximation to a point source is shown in Fig. 2-27. 
The finite aperture which minimizes the extraneous patterns arising from 
the visibility of line structure also gives rise to a loss in horizontal detail 
due to the effective bandwidth limitation of the finite aperture. 

2-9. Brightness Transfer Characteristic of System and Spectral 
Response of Terminal Devices. In addition to providing the proper 
bandwidth required to produce the detail allowed by the terminal devices 
with the scanning speeds employed, the signal-transmission system should 
have the proper transfer characteristic to preserve the same brightness 
gradations in an achromatic system that an eye without the ability of 
color perception would perceive when viewing the scene directly. If the 
pickup and picture tube are linear devices, the amplitude characteristic 
of the channel should be linear over the required contrast range. If they 
are nonlinear devices over such a range, the amplitude characteristic 
of the channel should be distorted to give an over-all linear characteristic. 

The spectral characteristic of the pickup and reproducing devices in an 
achromatic system should be such as to preserve the correct tonal values. 




(a) Reproduction with small scanning aperture. 



(b) Aperture size increased to give flat field. 

^ IG - 2-27. Image reproduction aa affected by scanning-spot size. 
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This means that the pickup should have a broad spectral characteristic 
with its maximum corresponding closely to the peak of the luminosity 
curve. Abnormal amounts of response in either the blue or the red 
region will result in incorrect tonal values. The light from the picture 
tube should approach the composition of equal-energy white or daylight 

white. 

2-10. Increased Channel Capacity by More Effective Spectrum Utiliza¬ 
tion. It was pointed out in Sec. 2-8 that there were relatively large 
regions, left virtually unused, in the video spectrum produced by both 
simple progressive and interlaced linear-scanning systems where frame 
and line frequency were integrally related. These blocks are spaced mid¬ 
way between multiples of line-scanning frequency, in other words, at odd 
multiples of half the line-scanning frequency. It is useful to determine 
whether or not a more effective utilization of the spectrum might result 
in a decreased bandwidth requirement by making use of the above 

considerations. 

It is convenient to put the picture signal in the form 


e,(Q = E„(l + 1 m„ cos nupt'j 

n » 1 


(2-31) 


where w p is the lowest angular frequency present in a repeating wave¬ 
form. This representation can be made to be equivalent to that of 
Eq (2-24). It is also equivalent to Eq. (2-30), although it is a less 

detailed expression. . . , , , 

If the above picture signal is now multiplied by a waveform 

e. = E,(\ + k. cos to.l) (2-32) 


the resultant may be written as 


n 

e = E.E P (l -I- I m n cos nwp/^ (1 + k, cos <a,t) (2-33) 

n ■» 1 

For simplicity, assume that the video waveform is sinusoidal in form, 
of angular frequency «. (this is equivalent to considering only a angle 
frequency in a complex waveform). The modulated signal is 


r = E. E v ( 1 + m r cosw,00 + k.coauj) 


(2-34) 


This waveform may be written as 


B.«. [ 


1 -f m, cos Uit + 


m v k. 


cos (u>, -f- a > v )t + k, cos u),t 


+ ”£■ cos <«. - «.)lj (2-35) 


2 
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Now, let it be supposed that m, < 1 and that the transmission system 
is band-limited at «./2; and then consider two different situations: 


Case 1: to. < • 

In this case, the waveform of Eq. (2-35) filtered at to./2 leaves the 
vaveform given by 

er.^ = E.K (1 4- m - COB (2-36) 


which is the original video signal. 

Case 2: ~ < to. < to,. 

The resultant filtered waveform is 

e, K = E.li, [l + ^ coe («. - *..)/] (2-37) 


In this case, the original video frequency falling between to ,/2 and o>. is 
transmitted by a channel limited at to./ 2, but as a lower sideband of what 
we might call the subcarrier frequency If the relative amplitude of 
this sideband is to be preserved, it is necessary that 



or the modulating subcarrier should be 

e. = E.( 1 + 2 cos to.t) (2-38) 


making the resultant received signal 

er, c = E,E.[ 1 + m v cos (to. — «*)<] (2-39) 

Examination of Case 1 and Case 2 reveals that video components up 
to to. may be transmitted with a system bandwidth to,/ 2, those compo¬ 
nents up to to ,/2 being transmitted in their original form, and those 
beyond to ,/2 being transmitted as a frequency to, — to ., that is, the lower 
sideband of the subcarrier to,. If these two sets of components were 
separable at the receiving end, the result would be that of doubling the 
channel capacity of the system. A prerequisite to this condition is that 
no two components occupy the same frequency, i.e., that no component 
to. < to ,/2 coincide with a video component to. > to,/2 when transmitted 

R8 (O, — 

It has been pointed out that clusters of energy in the normal system 
occur in regions of multiples of line-scanning frequency; therefore, if a 
subcarrier frequency to. is chosen as an odd multiple of half the line scan¬ 
ning frequency , all its lower sidebands will fall at the interleaving fre¬ 
quencies, i.e., at odd multiples of half the line-scanning frequency. This 
is true for either a simple progressive or a 2-tc-l interlaced system. 
Such a system is conveniently referred to as a frequency-interlace system. 
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In principle, the interlaced frequency components might be separated 
at tne receiver by multiple pass-band filters. W lt h such a filter, com- 
nonents of u. < u,/2 could be recovered directly and components of 
r>t/2 which appear as cos W. - -.)* could be multiplied by 2 cos „ 

to give a component 2 cos ^ cos (». - ».)f or cos u>.t 4 cos (2s,. - «.)*■ 
If the band is limited at the unwanted component is removed and 
what is left is the desired component cos A block diagram of sue 

mvthical receiver is shown in Fig. 2-28a. Sucn a system is not practical 
because of the difficulty of realizing multiple bandpass filters at sue 


From transmission 
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limited at ui, 
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[Bandpass filter 
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Bandpass filter 
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(o) Theoretical method of decoding information in compressed channel 
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2 cos u,l 



COS CO u t + COS (" U >„) t 


Practical method of decoding information in compressed channel 
Fro. 2-28. Improved epcctrum utilization by frequency interlacing. 

r therefore if band sharing of frequency components as 

described here is to be employed, other means of demodulation must be 

^Suppose the entire signal at the receiver is multiplied by 1 + 2 cos or.f. 
A component of or. < «./2 reprinted as cos «.l becomes 

cos u>,4l + 2 cos w.t) 

° r COS O >.t + COS (OM- 0>')t + COS («. + «.)* 

By the same process, components of or. > o>./2 appearing as cos (or. - «.)! 

become coe ^ + C os u.f 4 cos (2o>. - or.)( 

If the information derived by the above process is now filtered at an 
angu ar frequency «. as shown in Fig. 2-286, the result consists of al 
“feo components up to the subcarrier frequency (which was the original 
video information) and also an unwanted component cos («. - «,)< which 
represents an extraneous component and would appear as an interference 
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signal in the reproduced picture. It is only this extraneous signal which 
prevents a practical doubling of the channel capacity in the interleaved 

spectrum system. 

The effects of the extraneous signal may be partially removed by real¬ 
ization that the eye is the terminal device of the system and making use 

of its storage characteristic. If on suc¬ 
cessive frames (complete pictures) the 
phase of the subcarrier is shifted by 
180°, changing Eq. (2-38) to 

e t = E,( 1 — 2 cos oj.t) (2-40) 

and if the processes started with Eq. 
(2-34) are carried through with Eq. 
(2-40), the resultant output of the sys¬ 
tem is 

cos U) v t — cos (oj, — w P )t 

Thus, the polarity of the unwanted sig¬ 
nal is reversed, and the eye acts to par¬ 
tially average it out over the two frames. 

The reversal of polarity of the sub¬ 
carrier frequency on alternate frames is 
achieved automatically if line and frame 
frequency are integrally related, pro¬ 
vided that there are an odd number of 
lines per frame and that the subcarrier 
frequency is placed at an odd multiple 
of half the line-scanning frequency. If 
an odd-line interlace system is em¬ 
ployed, the same is true, but it is well 
to emphasize that two complete frames 
or four complete vertical fields are re¬ 
quired for cancellation of the spurious 
signal, since cancellation takes place only for two complete scans of the 
same line. Thus, even though a doubling of picture detail is achieved 
in the frequency-interlace system, within the same transmission time, in 
a practical system it requires double the transmission time properly to 
clean up the signal and, in this sense, the basic time-bandwidth relation¬ 
ships are still valid. However, the eye can tolerate more readily a longer 
time for cancelling out spurious information which appears in the form of 
fine detail from the standpoint of flicker than it can tolerate for repro¬ 
ducing the basic information. It is therefore reasonable to state that it 
would be possible to make use of frequency interlace to achieve a reduc¬ 
tion in bandwidth for a given detail if the subcarrier frequency is chosen 
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(6) Sampling waveform 


(c) Sampling pulses made narrow 
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(d) Resultant sampled waveform 

Fio. 2-29. Illustration of narrow 
pulse sampling. 
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in such a way as to reduce the visibility of the spurious detail as much 
as possible. Such reduction, however, can never be complete because of 
system nonlinearities and because no cancellation is possible for negative 
or blacker than black components. 

Narrow-pulse Sampling. Information contained in a waveform may 
be conveyed by using only discrete samples of the waveform. Consider 
that the video waveform shown in Fig. 2-29 a can be represented by Eq. 
(2-31) and that it is sampled by (equivalent to multiplying by) the wave¬ 
form of Fig. 2-296, which can be represented by 


e.W = y 1 K 


1 


V sin [mr(Ti/T 
+ L nTi(Ti/T) 


)) 


COS till}.I 


(2-41) 


n ™ 1 


where u>. = 2ir, T. 

if the sampling pulses are made sufficiently narrow as shown in Fig. 

, sin [mr(T\/T)) 

2-29c, that is, if T x <<<T, then - 

small values of n and Eq. (2-41) may be written as 


1 for reasonably 


9C 


M) - y A’ (l + 2 X ™' s Hw t 

ti « 1 


(2-42) 


The sampled waveform can be written as 


^ m„ cos HUp/j ^1 + 2 ^ 

n ** I » " 1 


In order to transmit the pulse waveform represented by Eq. (2-43) 
and Fig. 2-29d with reasonable fidelity, a sufficient bandwidth to accom¬ 
modate a large number of harmonics of w, would be required. 

If the pulse waveform is transmitted with negligible distortion and the 
resultant image viewed, detail along a line will appear as a series of dots 
of varying brightness. A little thought will show that the highest effec¬ 
tive video frequency which can be preserved by these discrete samples 
corresponds to twice the spacing between samples. In other words, pres¬ 
ervation of detail up to a specific frequency requires a sampling rate of 
twice this frequency. Consideration of the simple horizontal-bar pat¬ 
tern. for example, of Fig. 2-10 shows that a sample for each alternate 
light and dark element is required. This, however, is not to imply that 
other components are not present. Consideration of Eq. (2-43) shows 

that terms of the form 

<•08 (raj. — 

are present but appear only as spurious responses giving rise to the visi¬ 
ble dot structure. 
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Suppose, however, that on alternate frames (for a particular scanning 
line) the video waveform is sampled at points midway between those for 
the first scan. This gives us effectively twice as many samples per line 
and will allow us to obtain detail up to the sampling frequency, although 
it will have been done at the expense of twice the transmission tune. I 
the fundamental sampling frequency is at an odd multiple of half the 
line-scanning frequency in an odd-line system, such interlaced samp es 
will be obtained, since there will be a whole number plus one-half samples 
per line. The location of such samples in an odd-line interlaced system 
is shown in Fig. 2-30. The a’s represent samples in field 1 of the first 
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Sampling sequences: 


Dots 

Field No. 

Frame No. 

a- 
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1 

6- 
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c- 

1 

2 

d- 
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2 


Fio. 2-30. Dot arrays in interlaced television system. 


frame, the b f s field 2 of the first frame, the c’s field 1 of the second frame, 
and the d’ s field 2 of the second frame. 

However, such a “dot-interlace” system involving an unrestricted 
bandwidth is impractical. If, however, the bandwidth is restricted to 
half the sampling frequency, Eq. (2-43) reverts to Eq. (2-33) for k, = 2, 
and as far as the transmission channel is concerned, the dot system 
becomes, not a dot system at all, but the frequency-interlace system; 
and placing the sampling pulses on alternate scans of a particular line is 
equivalent to placing the subcarrier in such a way that the frequency 
components beyond <*>,/2 are interlaced between those of less than «,/2. 
Any visible dot structure arising in the final viewed image results either 
from a sampling process at the receiver or from incomplete visual cancella¬ 
tion of the terms of the form cos («, — «,)< with terms of — cos («, — <*•)* 
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on alternate frames. In any case, the spurious pattern coincides with the 
dot pattern of Fig. 2-30. Because of the time and space sequence in 
which the dot array repeats itself, its appearance to the eye gives an illu¬ 
sion of a slow movement, or “crawl,” usually upward, downward, or 
diagonally across the picture. The illusion can be minimized by decreas¬ 
ing as much as possible the visibility of the spurious pattern itself. 

2-11. Bandwidth Requirements for Adding Chrominance Information. 
The required bandwidth of a color system as compared with a mono¬ 
chrome system depends upon the amount of additional information 
involved and the effectiveness with which a transmission channel is used 
in conveying this information and eliminating redundant information. 

It has been shown in the discussion relative to colorimetry in Sec. 2-3 
that most colors at all important purity levels can be reproduced by addi¬ 
tive mixtures of three red, blue, and green primaries, and it has been 
further shown that the same fine detail need not be presented in all the 
primaries. Further tests have indicated, as a matter of fact, that no 
single color need" be preserved in fine detail since the eye is essentially 
color-blind to such detail. Therefore, it is possible to transmit color 
information over a restricted bandwidth and to transmit fine detail as a 
composite brightness signal.' Roughly, detail corresponding to one- 
fourth to one-half the bandwidth as required by the resolving power of the 
eye need be presented in color, and it is not necessary that all colors be pre¬ 
sented in even this detail. The remaining detail can be presented as a 
brightness signal only. 

This fact may be summarized by stating that three-color reproduction 
is needed for large color areas only, that two-color reproduction is suffi¬ 
cient for intermediate detail, and that brightness info* "nation alone is 

needed in very fine detail. 

In order to arrive at ari actual bandwidth requirement, it is necessary 
that various color systems be analyzed with a view to determining how 
color information can be derived and coded in such a manner a9 to arrive 
at an optimum spectrum utilization in transmitting only the detail in 

color as required. 

2-12. Color-system Classifications. Transmission systems for three- 
color information fall under two general classifications: simultaneous and 
sequential systems. In simultaneous systems, information involving all 
three colors is being transmitted at all times, whereas, in sequential sys¬ 
tems, the separate units of color information are transmitted on a time- 
shared basis with alternate switching ol the components of information. 
Such switching may be made to occur fct arbitrarily assigned rates, but 
there seems to be little purpose in considering other than the three fol¬ 
lowing rates: field-rate color switching, line-rate color switching, and pic- 

» A. V. Bedford, Mixed Highs in Color Television. Proc. IRE, Vol. 38, No. 9, pp. 
J003-1009, September, 1950. 
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ture-element-rate switching. These are referred to respectively as field- 
sequential, line-sequential, and dot-sequential systems. 

2-13. Line- and Field-sequential Systems. Color switching in a 
field-sequential system may be done by mechanical means. A single 
pickup device and lens system need only view the desired subject through 
a rapidly rotating filter containing alternate color segments whose rota¬ 
tion speed is such that successively colored red, blue, and green filters 
are interposed between the light source and the pickup device at the 
field-scanning rate. The video signal, as derived in this manner, is a sig¬ 
nal time-shared among the color components on a field-sequential basis. 
An image in color may be reproduced by transposing similar filters, 
switched at the same rate and sequence, between the reproducing device 
and the viewer or by proper use of an all-electronic simultaneous viewing 

device. 

It is not possible in a field-sequential system to make use of the fact 
that individual colors need not be transmitted at full bandwidth, inas¬ 
much as full bandwidth is required for brightness information which can 
be obtained only by sequential addition of the three-color component. 
Hence, the complete bandwidth must be available at all times. 

If the same detail and flicker characteristics are to be preserved as for 
a monochrome system, colors must be switched at three times the com¬ 
parable monochrome rate in order to prevent flicker m individual colors. 
Thus if all three colors are to be obtained, the line-scanning rate must 
be triple that of the black-and-white system, which, if the same horizon¬ 
tal detail is to be preserved, means that the bandwidth must be three 
times that of the monochrome system. However, some compromises can 
be made. Experience has shown that the field rate can be somewhat 
lower than required for monochrome, since the brightness level of indi¬ 
vidual colors of which the monochrome signal is composed is less. Fur¬ 
thermore, the addition of color as an added dimension would make some 
sacrifice in horizontal detail tenable in many situations. Thus, it can 
be said that a field-sequential color system for comparable performance 
in the matter of flicker and detail requires slightly less than three times 
the bandwidth of a comparable monochrome system. 

Line-sequential color systems may employ three separate pickup 
devices, each viewing the scene through its own color filter in order to 
provide simultaneous three-color video signals. The three signals may be 
switched into a single video channel in sequence, the sequence being for 
successive line-scanning periods. With the proper switching sequence, 
it is possible to achieve a form of color interlacing such that complete! 
color pictures (with only one-third the total number of lines per color) are 
presented at normal frame rate, but requiring three times the normal 
frame time to fill in the color detail. Interlacing can be such that each, 
line of video is scanned once per frame in a single color, but three times 
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the frame time is required for all three colors. Theoretically, it would 
seem possible that, by thus extending the interlacing principle, a three- 
color picture could be transmitted in the same bandwidth as a mono¬ 
chrome picture, which, however, would be done at the expense of time 
It does not seem possible that certain effects of line flicker or line crawl 
can be prevented in attempting to use a line-sequential system m this 
manner and that if full performance comparable with the monochrome 
system is required, the basic frame rate must be that of the black-and- 
white system, which would require three times the bandwidth for the 

same detail. , . 

Again as in the field-sequential system, no means has been found ot 

utilizing the fact that color as such need not be preserved in full detail, 

and it would seem that both systems are wasteful of bandwidth in not 

taking advantage of this principle. . A , . „ 

2-14 Dot-sequential Systems. The concept of dot interlacing 
in connection with narrow-pulse sampling of monochrome video was dis¬ 
cussed in Sec. 2-10, and the aspects of transmitting information as a 
series of discrete samples were considered. Consider the red, blue, and 
green components of a single line of video as shown in Fig. 2-3la. Sup¬ 
pose the red signal is sampled at discrete intervals corresponding to a 
sampling frequency /. as indicated by the dark vertical lines, and suppose 
the green and blue signals are sampled at the same rate, but with time 
displacements as shown (120° apart on the basis of /. as a reference). 
Positions of the samples on a single video line are shown in Fig. 2-316 for 
two successive frames. If sampling rate is chosen at an odd multiple 
of half the line-scanning frequency as in the example on black-and-white 
sampling, the sample of a particular color on the same line for the next 
frame will fall midway between those obtained for the first frame. Fur¬ 
thermore, the same form of dot interlacing as previously discussed will 
be obtained, and each of the three colors will be thus interlaced in two 
complete frames. As in the monochrome system, let us consider what 
the effects of restricted bandwidth might be and how such sampling 
methods might be utilized to improve the spectrum utilization. 

Suppose we sample at twice the highest video frequency and have a 
transmission channel cutoff at IK times thc sampling frequency, or 3 
times the highest video frequency. Consider the red signal as a d-c level 
und a series of harmonically related components sampled at a rate u>, as 
shown in Fig. 2-31a. The sampled and filtered red signal is 


e* 


K,[l+ X m H » cos no)nt + l ™ Kn cos (w, — nu«)f 


n— 1 


n — 1 


n • 

W()M I- ■ > i ( C08 («• + «<*>»)* + 2 <*os <*>•* j ( 2 ~* 1 > 
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Aoc. No-^.^Oh .. 


52 


FUNDAMENTALS OF TELEVISION ENGINEERING 



The resultant is shown as 
important to note that it goes 
the sample points. 


the lower curve of Fig. 2-32a, and it is 
through zero at 120° and 240° away from 



Frame No. 1 Frame No. 2 

(a) Red, blue, and green signal samples for alternate 
frames for a particular line 




(6) Resulting location of samples in picture for line 
No.l for two successive frames 

Fig. 2-31. Illustration of interleaved sampling and reproduction of colored picture 
elements. 

Now, if the same process is carried out for the green and blue signals, 
each with an additional 120° displacement, they can be expressed as 

e a = Ka{ 1 + cobuoOII + 2 cos («.< + 120°)] (2-46) 

as shown in Fig. 2-326 and 

e fl = Kb( I + Sma cos cuaOU + 2 cos (w.< 4- 240°)] (2-47) 

as shown in Fig. 2-32c. Reference to Fig. 2-32 shows that the resultant 
filtered waveform for each color goes through zero at the sample points 
of each of the other two. Thus, the three signals may be added together 
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in a common transmission channel, and if they are resampled at the 
receiver in the same sequence, samples corresponding to the three inde¬ 
pendent color signals are obtained for application to the separate color 
units of a picture reproducer. Under the conditions specified, however, 
the bandwidth requirement for performing the operations in the above 
manner turns out to be three times that required for a single color. 


(o) Red video sampling and filtering 


Green 



Red 


1 + 2 cos to, t 


Resultant 


1+2 cos (co, r+ 120*) 


Resultant 


, | (6) Green video sampling and filtering 


Blue 


1+2 cos (w,/ + 240 # ) 


Resultant 

(c) Blue video sampling and filtering 
Fio. 2-32. Waveforms involved in three-phase sampling. 


Thus, the sampling principle used in this manner has resulted in no band¬ 
width saving as compared with the field- or line-sequential system of the 
same performance even though samples on alternate frames are inter¬ 
leaved. Such samples yield no additional information. 

However, an opportunity now arises to use the principle of narrow- 
band color information and wide-hand brightness information, which was 
presented in a previous seotion as the method of mixed highs. Suppose 
the three color cameras each yield color signals at full video bandwidth 
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or 



o+i 

n — 1 


m R cos 


nu)Rtj 


(1-1-2 cos oj,0 


(2-45) 


The resultant is shown as the lower curve of Fig. 2-32a, and it is 
important to note that it goes through zero at 120° and 240° away from 

the sample points. 



(a) Red, blue, and green signal samples for alternate 
frames for a particular line 



(6) Resulting location of samples in picture for line 
No.l for two successive frames 

Fio. 2-31. Illustration of interleaved sampling and reproduction of colored picture 
elements. 


Now, if the same process is carried out for the green and blue signals, 
each with an additional 120° displacement, they can be expressed as 

e a = K a ( 1 + 2mo coswoOll + 2 cos («,f 4- 120°)) (2-46) 

as shown in Fig. 2-326 and 

e* = K b (1 + 2m, cos a»«t)[l -f 2 cos (u.t + 240°)] (2-47) 

as shown in Fig. 2-32c. Reference to Fig. 2-32 shows that the resultant 
filtered waveform for each color goes through zero at the sample points 
of each of the other two. Thus, the three signals may be added together 
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the single color in addition to the high-frequency color mixture if all 
three components. It must be pointed out. however, that with rr^ono- 
chrome detail up to the sampling frequency, w., as in the black-fcnd- 
white sampling, it requires two complete frames to present the number 
of samples required even though all components are present in a single 
field (two samples per period corresponding to the highest-frequeue v 
component). Thus, corresponding to a time-bandwidth product of twice 
that for normal monochrome, as compared with three times this for the 
other system, we have obtained normal monochrome plus three narrow- 
band color components each at one-third full bandwidth. Again it seems 
that no improvement has been made in over-all bandwidth-time prod¬ 
uct. This is not strictly true, because the benefits of dot interlacing and 
the reduction of visible flicker by such interlacing is as real as its appli¬ 
cation to monochrome. However, this sampling of the complete sig¬ 
nal probably represents the most ineffective use of the received signal. 
Although, strictly speaking, the band-limited signal is continuous and 
not sequential, it is still dot-sequential and dot-interlaced in the sense 
that at the discrete receiver sampling points only mixed highs plus a sin¬ 
gle color are sampled at a time. 

An improvement can be effected as shown in Fig. 2-33c. The mixed 
high signal bypasses the sampler, and thus high-frequency detail is com¬ 
pleted in each frame. This in itself reduces the visible dot structures. 
Furthermore, the narrow-band filtering of the individual color compo¬ 
nents makes the geometrical aspects of the dot interlacing much less sig¬ 
nificant and further reduces the dot structure, which is of little value for 
individual colors anyhow, because the color information is narrow-band 
and not visible in detail corresponding to the dot spacing. The net 
result is that, for the most part, each frame of information is complete in 
itself. However, the two-frame sequence for a complete picture is essen¬ 
tial because the unresampled mixed-highs component has color compo¬ 
nent of the form «. - o>, -f <*>,•, and u, for one frame and of the form 

— (w« - — («• + w r), and -o>, for the second frame, and it requires 

the two-frame sequence to make them cancel. 

In order to determine whether more color bandwidth can be obtained 
in the same channel width, let us consider the situation shown in Fig 
2-34. Let the sampling frequency be raised to and let the color sig 
nals be filtered at u>./2. Equation (2-44) can no longer represent one of 
the color signals, because of the removal of the upper sideband. Rather 
the resultant color signal can be represented as 

€h = Kh\\ + 2m* cos w*/ -I- 2m* cos (<o. - <*,*)/ + 2 cos W ./J (2-48) 
Then Eq. (2-45) is not valid, i.e.. 


c* ^ K h { I -F lm„ cos w */)(l + 2 eoK «./) 


(2-40) 
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UfM1| which are applied to the transmission system as shown in Fig. 2.33a. 
Now let each of the three color signals be passed through low-pass filters 
which cut off at w w /3, and let the three signals be sampled in the manner 
indicated above at 120° time-phase separation at a rate 2w, mM /3. Now, 
let us combine separate color components to obtain essentially a wide¬ 
band brightness signal, pass it through a high-pass filter a>„ m „/3 to 
and combine the resultant “mixed highs” with the sampled low-fre¬ 
quency color components, and then pass the combined signal through 




R + Mixed highs 
G ♦ Mixed highs 
B ♦ Mixed highs 


(6) One method of receiver decoding 



(c) Alternate method of receiver decoding 
Fin. 2-33. Dot-interlace system using principle of mixed highs. 


the transmission channel of 0 to w Fmms . The signal at the output contains 
color information at one-third the full video bandwidth and brightness 
information up to the full video bandwidth. If the resultant video at 
the receiver decoder is sampled in the same sequence as at the signal 
synthesizer as shown in Fig. 2-33 b, the separated color signals will each 
contain a mixture of the high-frequency components of all colors and 
individually the low-frequency components of the particular color chan¬ 
nel. At the sample points of each individual color, the information for 
the other two colors is zero, and the sample at this point contains only 
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quency) for dot interlacing resulted in sideband components of the form 


C08 (u). 

U>fi)f 

or 

COS ( o) 9 + 0)*)t 

COS (ti). 

- + 120°)/ 

or 

COS (a) f + c Oo -f“ 120°)f 

C 08 (to. 

- + 240°)f 

or 

cos (a)j -+• + 240°)/ 


which frequencies were contained in clusters midway between multiples 
of line-scanning frequency. The signal in the band-limited dot-inter- 
laced system where both upper and lower sidebands of the sampling fre¬ 
quency are retained can be represented as 

Rl( 1 + 2 cos u>,t) 

G l \ 1 + 2 cos M + 120°)] (2-50) 

R,\\ + 2 cos (u>./ + 240°)] 

when* R,. t G,., and B L are the low-frequency red, green, and blue com¬ 
ponents, respectively. Added to each of these is the mixed-highs signal 
which can be represented as 

MH = Rh + B„ +G„ (2-51) 

The total signal is represented by the sum of Eq. (2-50) and Eq. (2-51), 
which can be arranged in the form 

c w = ( Rl + R n ) + ( Gi. -f Gh) -f ( B l 4* Bh) + 2 Ri. cos u>,t 

+ 2 Gl cos (a >.t + 120°) + 2 B, cos («.* + 240°) (2-52) 

or 


R -f G + B + 2R l cos a >.t + 2 G,. cos (w.f + 120°) 

+ 2B - fn9 


4 1 0/400 


This resultant signal is equivalent to a wide-hand monochrome signal 
added to low-frequency color signals modulating a color subcarrier at an 



Fio. 2-35. Color aiihrarrirr nyatem with thrr*«*-phntw* mociulntion and wideband 
monorhromo Hignal. 


odd multiple of half the line-scanning frequency, the three components 
being separated by 120° and the sidebands interlaced between the com¬ 
ponents of the sideband monochrome information. Thus, the system 
which was shown in Fig. 2-33a as a sampled color signal plus mixed highs 
can be shown as in Fig. 2-35 as narrow-band color signals applied to a 
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three-phase modulator bypassed by a wide-band monochrome signal at 
full bandwidth. Three-phase sampling was pointed out as having limi¬ 
tations if the upper sidebands of the sampled color signal were removed 
and, furthermore, as being improperly classified as a sequential system. 




It is useful to investigate variations in the technique. In the first 
place, there is some redundancy in the transmission of three separate 
color signals in addition to the combined signal. The same information 
is contained in the monochrome and two color-difference signals such as 
E r — E y and E B — E Y > Consider, for example, the system shown in Fig. 
2-36a with two-phase rather than three-phase modulation. The result- 
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ant signal may be written as 

Eu = Ey 4* (Er — Ey) cos w ,t + {Er — Ey) sin mU (2 -~> l) 

wide-band 1-f modulating l-f modulating 

h-f carrier h-f carrier 

A little consideration will show that such a wide-hand monochrome 
signal with two narrow-band color-difference signals contains inherently 
three-color information, and a manner in which such information might 
be derived from a decoder is shown in Fig. 2-306. Consider the compo¬ 
nents as derived from the red-dilTerence detector followed by the low- 
pass filter. Coming into the unit arc the high-frequency components of 
the monochrome signal and the color-difference signals, i.e., 

Ey„ 

(Er - EyJ COS a >.t (2-55) 

(E n — Ey L ) sin a ),t 

The input to the low-pass filter consists of the above components mul¬ 
tiplied by cos u>,/, or 

E y„ COS a ),t 

(Er — Ey L ) COS 2 a ).l 

(Er — Ey L ) sill w.t COS 

After passage through the low-pass filter, oidy terms of 

E y „ cos oj.t 
(Er ~ Ey L ) 

are left. Of these two, E Yh cos c o.t represents low-frequency components 
of low visibility, which because of polarity reversal of cos uj tends to can¬ 
cel on two successive frames. The second term, consisting of E, t and the 
low-frequency components of E y , when added to the wide band Ey from 
the 0 to w r channel yields a signal of Er + E Y „ for application to the 
red elements of a color reproducer. The color-difference signals from 
the wide-band channel cancel on alternate frames. 

As for the components derived from the blue-difference demodulator 
and its low-pass filter, a process similar to the above is followed, with the 
components 

E Yu sin oj.t 
(Er - E Yl ) 

appearing at the output. The first of these tends to cancel on alternate 

frames, and the second, when added to the monochrome signal with 

the proper scale factor, yields E 0 + E Y „ to be applied to a blue-color 
reproducer. 

The «reen e^nal can he derived by the proper combination of the 
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other components as follows: The component E* — Ey l may be written as 

— ( Eb 4 " Eq) 

and Eb — Er t as 

— ( Er + Ea ) 


These two components can be added and inverted, leaving 

-\-(Eb 4* Er 4* 2 Ea) 

bo appear at the output of the mixer and inverter. Now if the wide¬ 
band signal is expressed as 

(Er 4- Eo 4* Eb) 4 - E Yb 


then inverted and added to the expression above it, the result is 



Now if an additional amplifier from the high-pass filter has at its output 
components of twice the value of Eq. (2-55), which are then added to the 
above expression, the result is 

E a 4 - E Yi j 4- (Er — E r J cos (i),t 4- (E b — Ey l ) sin u.t 

The last two terms tend to cancel on alternate frames, leaving E a 4- E Y „ 
as the useful output signal to the green elements of the picture reproducer. 

In this system, we have fiJLl bandwidth monochrome information and 
one-third full bandwidth of each of three components of color informa¬ 
tion in a channel width equal to that of the monochrome signal. It still 
requires two successive frames to cancel out the spurious components 
resulting from the subcarrier information, and in this most restricted 
sense we have improved the time-bandwidth figure only to the extent 
that we have reduced the bandwidth of the color information by making 
use of the principled mixed highs. 

2-16. Improved Band-shared Systems. From a number of view¬ 
points, it would be desirable that the color-difference signals of Eq. (2-54) 
contribute only to the chromaticity of the reproduced picture but not to 
its total luminance. Such a constant-luminance principle can be approxi¬ 
mated by proportioning the amounts of red, green, and blue in accord¬ 
ance with their relative contributions to luminance, i.e., 

Ey = Ic\Er 4* k t E a 4* kiE B (2-56) 

where E s , E a , and E B are equal voltages from three sources of each of 
three chosen primaries having chromaticity coordinates x R yn , Xaya, and 
xbVb, with hi, kt, and k 3 being fractions of these voltages which will make 
E r represent the coordinates of standard source C when the three pri¬ 
maries are mixed in equal proportions. If these proportions are correct, 
ki 4- ki 4- = 1, and E Y = E B = E a . Examination of Eq. (2-54) 
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shows that, under the above conditions, E R — Ey and E a — E r vanish- 
thus, for a scene matching standard source C, the subcarrier term dis¬ 
appears, and the total transmitted signal consists of E r , the monochrome 
signal. Furthermore, color changes which do not affect total luminance 
do not affect the Ey signal, but only the subcarrier components. At the 
same time, any noise or interference generated in the subcarrier portion 
of the system affects only the chromaticity and not the luminance. 

The proportionate amounts of E R — Ey and E B — E r should also be 
considered. It is desirable, for monochrome signals only, that as much 
of the power range of the communication system as possible be available 
for the luminance signal Ey. However, the system should not overload 
in the presence of chrominance information, but sufficient power should 
be available for the chrominance components. Recognition of these 
requirements would lead Eq. (2-54) to be modified to the form 


E y — E y -f k t (E a — E y ) cos u,t -f k b (E B — E y ) sin u.t (2-57) 

where k A and k b are the optimum proportions of the color-difference sig¬ 
nals for the particular system under consideration. 

Some of the components in the interfering signals in the band-shared 
system consist of the subcarrier frequency itself and its sidebands. The 
visibility of these components might be reduced by raising the subcarrier 
frequency. For a given over-all bandwidth, this can be done only at the 
expense of reduced bandwidth for the color-difference signals unless some 
of the upper sidebands are removed. As in the other systems analyzed 
this removal results in color cross talk between the chrominance chan¬ 
nels if both the color-difference channels have the same bandwidth. 
However, the signals can be arranged in such a manner that: 

1. Luminance information is available only in fine detail. 

2. Restricted color information is available in intermediate detail 

3. Complete three-color information is available in coarse detail. 

The above requirements can be met by (1) having E r contain lumi¬ 
nance information only, (2) having the color-difference signals contain 
coarse detail at restricted bandwidth, i.e., moving the color subcarrier up 
in frequency but restricting the bandwidth for complete double-sideband 
operation for the color-difference signals, and (3) modifying the color- 
difference signals in such a way that the lower sideband is extended for 
the restricted color information, making it a single-sideband system for 
the extended range, but making it reduce to the original color-difference 
signals in the region of double-sideband operation. In this manner the 
complete color signal might be expressed as ' 


Ey - Ey + E q sin («< + <t>) -f- E, cos (wt -f- $) 

where E, is the wide-band portion of the signal and E Q is 
band portion as shown in Fig. 2-37. 


(2-58) 
the narrow 
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The new color-difference signals, E t and Eq , might be expressed in 
terms of the original color-difference signals as 

Eq = h(E B - Ey) + ME* - Er) (2-59) 

Et = MEb - Ey) + ME* - Ey) (2-60) 

With the proper values of the k' s, the equations can be made to reduce 
to Eq. (2-57) within the region of the Q-channel bandwidth. 

With such a system, there can be no color cross talk between chromi¬ 
nance channels because the additional single-sidebapd color information 
in the I channel is outside the bandpass of the Q channel and within the 
bandpass of the Q channel nothing has been added. 


Extended region of 
single sideband 
Ej component 



Additional bandpass 
required if £/component 
were double sideband 


o>. 


Region of Eq component 
and double sideband 
portion of E[ component 

Flo. 2-37. Arrangement of two components of color signals with partial suppression 
of upper sideband for only one of them. 


It should be pointed out that Eq. (2-59) is representative of the situa¬ 
tion before upper-sideband filtering and docs not correctly represent the 
transmitted signal. It actually represents the signal with extended pass 
hand as shown by the dotted curve of Fig. 2-37. 
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FUNDAMENTALS OF ELECTRON-REAM SCANNING 


In the P-^ n Vuine7asV^r7tht ^tTof'tT- 

mation could be obtained a- the me( .hanism of the repro- 

trona, of an like scanning process applied to the 

duction of an image in _ ra tube The methods of produc- 

phosphorescent screen j ^ considerable attention, because the 

tion of this scanning > depends upon the cross-sectional dis- 

JET i £==?i Ss'fifsBSS-i:si 
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motion prescribed for it. Ootics The term electron bal- 

3-1. Electron f^^^^oUon of electrons due to 
Ustics is comm °"‘ y /; P, j ectric and magnetic fields. Sometimes used inter- 
t^T “kbiHTthe term electron optics,' which relates specifically to the 

£ss£ 

'^fotsedTn a mJner analogous to that in which light rays are reacted 
UP The b Lr£ ofa'relectroTat a point in an electric field is given by 


f = — eS 


newtons 


(3-1) 


f = rn 


. p , is the magnitude of the charge on an electron, 1.601 X 10 19 

^hom / The field intensity 8 is defined as the force per unitposdrvc 
coulomb lne ^ exprcssed in unlts of newtons per 

™ulomb or volts per meter. Equation (3-1, used with the expression of 
Newton’s second law of motion 

— newtons (3-2) 

dt 

■ • LiirtirrRinK 9 107 X 10“*' and v is in meters per second, makes 
possible thedetermination of an electron path in an electric field. 

1 For a more d e ^il®d^ B t u ^v^rlccUm^op^icM a»d its api»lir|Oi°^u sr^lx^ 

S 1948 UU Thi« U reference also contains a more complete bibliography on the 
Hubject. 
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Since electric fields are potential variations in space, it is usual to 
define potential in terms of the basic quantities relating to it. Funda¬ 
mentally, the potential difference between two points, a and 6, in space is 
defined as the work done against the field in carrying a unit positive charge 
between these points, expressed by 


or 






8 cos 6ds 


(3-3) 

(3-4) 




where 6 is the smallest angle between the direction of the field intensity 
and the instantaneous direction of the path being taken. 

The force on an electron in a magnetic field depends upon electron 
velocity. Where the velocity and the direction of the magnetic-flux 
density lines are mutually perpendicular, the resultant magnitude of the 

force is , 0 

/ as Bev newtons \&0) 


where v is the electron velocity in meters per second and B is the mag¬ 
netic-flux density in webere per square meter. The direction of this force 
is perpendicular to the plane of v and B and is in the direction of advance 
of a right-hand screw turned clockwise from the direction of — v toward 
the direction of B. Where v and B are at arbitrary angles, this relation¬ 
ship may be represented in vector notation by 


or by 


f = e(—v) X B 
f = eB X v 


(3-6) 

(3-7) 


3-2. The Electron Gun. Electron-beam scanning devices, or electron 
guns as they are commonly called, consist essentially of five basic ele¬ 
ments, (1) a source of electrons, usually a thermionic cathode, (2) an 
element surrounding the cathode, known as the grid, which controls the 
intensity of the electric field near the cathode, (3) a focusing device, 
either electrostatic or magneti'-, which will cause all the electrons form¬ 
ing the electron beam produced by the cathode to converge to a small 
cross-section area at a fixed distance from the cathode, regardless of the 
random directions with which they were emitted from the cathode, (4) an 
accelerating electrode whose potential determines the final velocity of 
the electron beam, and (5) a deflection means (either electrostatic or 
electromagnetic) which controls the direction of the movement of the 
electron beam as a whole in accordance with the desired scanning pattern. 

All the basic elements of the electron gun may be considered as com¬ 
bining to perform two basic functions, (1) production and focusing of the 
electron beam, and (2) deflection of the electron beam. The study of 
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focusing of electron beams makes use of the basic principles of electron 
optics. 

An electron lens is a configuration of elements in an electron gun 
arranged in such a way as to produce electric or magnetic fields which 
can cause convergence of electron beams in a manner analogous to the 

convergence of light beams by an optical lens. 

The Electrostatic Electron Lens. A complete electron-beam focusing 
system is illustrated by Fig. 3-1. The view shown is a cross section 
taken along the axis of the elements, which are cylindrical with axial 
symmetry. The cathode, which emits electrons thermionically, is sur¬ 
rounded almost completely by the cylindrical structure known as the 
first grid, or control grid, which is closed at the end except for the small 
circular aperture centered on the axis directly in front of the cathode 



Fin. 3-1. Basic electrostatic elcctron-gun structure. 

emitting surface. A potential, usually negative with respect to the cath¬ 
ode is applied to the grid. This potential difference controls the elec¬ 
tric-field configuration near the cathode in the same manner in which it 
is controlled in the conventional vacuum tube. This is effectively a 
beam-current control, i.e., a control of the number of electrons escaping 
through the aperture. Successively higher potentials are applied to the 
other cylindrical electrodes along the axis. The curved lines in the 
region between the grid and first anode and between the first and 
second anodes are contours of equipotential. These lines are contours of 
increasing potential due to the application of successively higher poten¬ 
tials on the electrodes. Electrons emitted from the cathode and pass¬ 
ing through the grid aperture are accelerated as a icoult ol this potential 
field. If an electron leaves the aperture coi .cidcnt with the axis, with 
near-zero velocity directed along the axis It is accelerated along the axis 
to a final velocity, which can readily b'. lound by the relationship among 
Eqs. (3-1) to (3-3). If the final potential is defined as the accelerating 
potential E « and the potential *u tin? cathode is E k , the result is 

E.. Ei = rr (tv - '’**) volts (3-8 ) 
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The quantity v k represents any small initial velocity, along the axis, 
which is, for most purposes, negligible. The final velocity under these 

circumstances is 

v a = m/sec (3-9) 

where E a is the potential of the final accelerating electrode in volts, e is 
the magnitude of the charge on the electron in coulombs, and m is the 
mass in kilograms. 

Equation (3-9) is strictly true only at electron velocities small com¬ 
pared with the velocity of light (3 X 10 8 m/sec). Otherwise the rela- 



Fio. 3-2. Expanded view of first lens in electron gun. 

tivistic variation of mass with velocity must be taken into account. 
When modified, the corrected velocity can be shown to be 




(3-9a) 


where v a is the uncorrected velocity as given by Eq. (3-9) and c is the 
velocity of light. 

Not all electrons emitted from the cathode are emitted from a single 
point: They may be distributed over a finite area. Neither are all the 
small emission velocities perpendicular to the surface, but have more 
or less random directions. It is the purpose of the electron lens to cause 
all these electrons to converge to a common point regardless of these ini¬ 
tial positions and directions. Essentially, there are two lenses in the 
electrostatically focused gun. The first lens, consisting of the region 
between control grid and first anode and extending nearly to the cath¬ 
ode, is shown in detail in Fig. 3-2. The voltages impressed on these elec¬ 
trodes result in the electric-field distribution in space indicated by the 
equipotential lines of successively increasing potential. The shape of 
thio field is such as to cause all electrons emitted from a common point 
on the cathode to converge to a given point in space regardless of the 
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random directions in which they were emitted. The action is such as 
to form a virtual image of the cathode in the plane aa, with all rays from 
the cathode tending to cross in the plane bb. The plane bb is termed the 
crossover point and represents the point of minimum diameter of the 
beam. The diameter of the beam at the crossover point is considerably 
smaller than the diameter of the cathode, and it is the purpose of the rest 
of the electron lens to focus this beam of reduced cross section on the 
final screen or target. 



(a) Refraction of light 



(6) Refraction of electrons 



(c) Principle of electron lens 
FlO. 3-3. Optical- and electrtm-lcns analogies. 


It is possible to explain the action of the electric field in causing the 
refraction of electron beams by its optical analogy. A light ray crossing 
a boundary from a medium of index of refraction n x to one of index of 
refraction n 2 , as shown by Fig. 3-3 a, is refracted according to Snell’s law, 

Hi sin 0 1 = Tia sin 0 2 (3-10) 

where 0i i6 the angle of incidence and d 2 is the angle of refraction. 

In the electrical case shown in Fig. 3-3 b, an electron passes with a 
velocity v from a region of potential /?,, after having accelerated to that 
velocity in accordance with Eq. (3-8), to a region E 2 and is refracted in 
accordance with 

VE.sinfl, = v^sin d 2 (3-11) 

The electron-lens action, however, is different from the optical-lens 
action in that the boundaries are not definite and the velocity of the elec¬ 
tron is changing as it passes through the lens. This would be analogous 
to an optical lens having a continuously variable index of refraction. 
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The refracting action of the electron lens is further illustrated by Fig. 
3-3c, which shows how beams are brought into convergence. Here, a 
single electron is shown leaving the cathode in a given initial direction. 
It tends to be deflected toward a point on the first equipotential line 
nearest to it, which causes it to follow the curved path shown. After it 
reaches this line, not at the point toward which it was aiming, but 
approaching it, it is accelerated toward the nearest point on the next 
equipotential line. This is, of course, only an approximate description, 
because the field is not made up of discrete equipotential lines but is 
continuous. 


Anode No. 2 




(6) Electron trajectories due to complete electron lens system 
Fio. 3-4. Action of the second lena of the electron gun. 


Since the electrons are emitted with slightly varying initial velocities, 
all electrons from a single point on the cathode will not be perfectly 
focused as a virtual image in the plane aa. This effect tends to increase 
the area of the crossover plane. 

The configuration of the electric field in the vicinity of the cathode 
depends both upon grid voltage and first-anode voltage; therefore, the 
focusing action of the first electron lens is dependent upon the grid poten¬ 
tial. This is an undesirable effect which can be overcome by other elec¬ 
trode configurations. 

The second lens is contained in the region between the first anode and 
the second anode. The equipotential contours of this region are shown 
in Fig. 3-4. The configuration of this field is such as to bring the various 
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electron-velocity lines, which are diverging from the crossover point, 
together at the final screen or target. The complete lens action is shown 
in Fig. 3-46. 

Detailed analysis shows that electrostatic electron lenses are subject 
to distortions which are analogous to all the distortions of optical lenses, 
such as spherical aberration and astigmatism. Another type of distor¬ 
tion, which results in a larger spot size than that predicted from cross¬ 
over-point size considerations, is that of mutual repulsion of the electrons 
making up the electron beam. This type of distortion has no optical 
analogy. 


Anode No. 2 



(a) Beam width limitation by small apertures 
((node electron gun) 


Grid No. 2 
Grid No ) 
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Limiting aperture 7 
(6) Accelerator or tetrode type electron gun 



(c) Zero first anode current type gun 
Fio. 3-5. Modification of basic electron-gun structure. 

The finite size of the first crossover point, together with the various 
types of distortion which are present, determine the final limitation on 
the minimum size of the reproduced spot. This spot size can be further 
limited by the use of limiting apertures placed in the gun structure. 
Thin is illustrated by Fig. 3-5a. 

A modified electron-gun structure, sometimes referred to as the tet¬ 
rode gun, is shown in Fig. 3-56. In this case, the focusing action which 
takes place is due to the lens action of the first anode, second grid, and 
the second anode. The first accelerator, known as the second grid, is 
placed between the focusing electrode (anode no. 1) and the control grid 
and is at the potential of the second anode. The electrons are therefore 
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accelerated to a potential corresponding to that on the second anode 
before being subjected to the focus field. The tetrode gun makes pos¬ 
sible some increase in beam current for a given grid potential and, more 
important, prevents the variation of grid potential from affecting the 
focus field. This type of structure also results in an increased grid 

sensitivity. 

The limiting apertures in the gun structures of Fig. 3-5a and b cause 
the electrodes containing these apertures to draw appreciable current. 
Excessive current is undesirable because of power-supply regulation prob- 


Elecrron current 
density 



lems, particularly since most of this current goes to the focus electrode. 
A type of gun structure which reduces this effect, known as the zero first- 
anode current gun, is shown in Fig. 3-5c. Because there is no limiting 
aperture in the focus electrode, the flow of current to it is reduced. 

Usually the electrode configuration is such that focus occurs with an 
anode 1 potential in the vicinity of 20 per cent of the final accelerating 
voltage. It is possible, however, particularly where accelerating poten¬ 
tials are high, to dimension the electrodes in 
such a way that focus will occur at or near 
zero first-anode voltage. 1 

The size of the reproduced spot at the 
screen or target of course depends upon the 
size of the limiting aperture and, in general, 
has a current distribution over a cross-sec¬ 
tional area similar to that shown in Fig. 3-6. 
The minimum diameter to which this spot can be reduced by smaller 
limiting apertures depends upon the required beam current, since the aper¬ 
ture limits the beam current to a fraction of that actually emitted by the 
cathode, the fraction being related to the size of the aperture. 

The Magnetic Electron Lens. A magnetic field may be used instead of 
all or part of the electric field to provide the focusing action of electron 
guns. The magnetic field, parallel to the central axis of the electron gun, 
is produced by direct current flowing through a coil surrounding the elec¬ 
tron path. In most magnetic focusing fields, this magnetic field replaces 
the second lens of the all-electrostatic system. In this case, the first 
lens is similar to that of the electrostatic system. The focusing action 
of the magnetic field maj r be understood from consideration of a single 
electron released with a finite velocity in a magnetic field as shown by 
Fig. 3-7. The focus coil is wound axially as shown, and electrons are 


Radial distance 
from center 

Fio. 3-0. Current distribution 
in electron beam. 


% 

1 Harley lams, A Fixed Focus Electron Gun for Cathode Ray Tubes, Proc. IRE, 
February, 1939, p. 123. 

A. Y. Bentley, K. A. Hoaglund, and If. \Y. Grnssbnhlin, Self-focusing Picture Tube, 
Electronics, June, 1952, pp. 107-109. 

C. S. Szegho, Cathode-ray Picture Tube with Low Focusing Voltage, Proc. IRE, 
Vol. 40, No. 8, pp. 937-939, August, 1952. 
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released with some initial velocity in the position indicated. Some of the 
electrons released from this point have only axial components of velocity, 
while others have both axial and transverse components. The magnetic- 
flux density B, which is uniform over the region and directed along the 
axis of the coil, does not act upon the axial component of electron veloc¬ 
ity. The transverse component of velocity is, however, acted upon by 
a force which is always perpendicular to both the direction of the mag¬ 
netic field and to the transverse component of electron velocity. The 
result of this force is a circular component of electron motion with its 
center along the axis. 

The radial force acting on a particle moving in circular motion with 
constant tangential velocity is 


/ = 


nil' 

J{ 


newtons 


(3-12) 


where v is the tangential velocity in meters per second, m is the mass of 
the particle in kilograms, and If is the radius of the circle in meters. 



velocities 

Fin. 3-7- Motion of electron in axial magnetie field. 


Since the force in a magnetic field on a component of electron velocity 
perpendicular to the field from Eq. (3-5) is / = Bcv newtons and is 
directed at right angles to the transverse component of velocity, the 
result is a circular component of motion of the electron with angular veloc¬ 
ity a) given by 


o) - rad/sec 

(3-13) 

The period T for a complete revolution is given by 


T = — sec 

CO 

(3-14) 

Equations (3-5) and (3-12) may be equated and combined 
(3-13) and (3-14) to yield 

with Eqs. 

,,, ‘Inm 

1 = ,, sec 

e/j 

(3-15) 

This reduces to 

m 3.57 X 10"“ 

T = — ^ - sec 

(3-1G) 
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From Eqs. (3-14) and (3-15) the angular velocity is given by 


u = 


eB 

m 


rad/sec 


(3-17) 


and from Eqs. (3-13) and (3-17) the radius of the circle is 



meters 


(3-18) 


The circular motion, as described above, is combined with the original 
axial velocity to produce helical motion as shown in Fig. 3-7. The mag¬ 
netic field may be adjusted to the proper flux density to allow one com¬ 
plete spiral during the time required for the electron to move through the 
field. This type of motion is shown in detail in Fig. 3-8. The initial 
velocity v 0 has components v <*, directed parallel to the magnetic field, 

and v 0x , perpendicular to the -field. 
It may be noted that the time re¬ 
quired for one revolution of the he¬ 
lix is independent of the original di¬ 
rection and the original transverse 
component of electron velocity. All 
electrons emitted from point 0 will 
finally strike at O', regardless of the 
initial direction or transverse ve¬ 
locities, if the axial component of 
all electron velocities is the same. 
Under these conditions, all electrons 
from a common point will be focused 
at point O', regardless of their orig¬ 
inal tendency to diverge. However, 
all elections will not have acquired exactly the same initial axial veloc¬ 
ities, because of slightly different emission velocities from the thermionic 
cathode. Therefore, some electrons will have made slightly more and 
some slightly less than one spiral in the time required to reach the plane 
of point O', with the result that they will not be properly focused at the 
point O'. 

If there is no electric-field component along the y axis, the time required 
to move through the field is given by y = v 0v t. If an electric-field com¬ 
ponent. is present, it is given by solution of 



Fio. 3-8. Details of «'leetron motion in 
magnetic field. 



Therefore, it is not necessary that the electrons, in order to be properly 
focused, reach full velocity before entering the region of the magnetic 
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field. Axial acceleration, produced by electric fields, as the electron 
moves through the focus field, merely necessitates a change in the mag¬ 
netic-flux density required to focus the beam in accordance with the time 

the beam is under the influence of the magnetic field. 

If the beam has diverged, as it must, after leaving the crossover point 
of the first lens, the beam will not be focused at a point but over a finite 
area, the size of which depends upon the area of the crossover point, 
unless limiting apertures are used. Suppose, for example, that the focus 
field begins in the region of formation of the first virtual image of the 
cathode. If the electron beam is focused exactly as before, the final spot 
size will be the same as that of the virtual image of the cathode, since the 
virtual cathode may now be thought of as the original source of the elec¬ 
trons to be focused. 

The magnetic field need not cover the entire length of electron travel 
in order that the electrons be properly focused. This is illustrated by 


Region of uniform 
longitudinal magnetic 



Fir.. General case of mastic focusing of electron beam. 

Fig 3-9, where the beam has entered the focus field after it has begun to 
diverge. The beam, at this point, has an enlarged cross-section area, 
since the point is beyond the plane of the first virtual image. Under 
this condition, the magnetic-flux density can be made such that the elec¬ 
trons spiral as before, but complete only a fraction of a spiral, and can 
be made to reach a focus in some plane bb at some distance from the end 
of the magnetic field. The image in the plane bb can be made the same 
size as the original crossover point, or smaller, if limiting apertures are 

used. 

The limiting case of the above type of action is that of the short-focus 
coil shown in Fig. 3-10. The focus field is confined to the region of the 
air gap as indicated. The gap need not be equidistant between the accel¬ 
erating electrode and the screen. Proper focusing can still result if the 
upacings are different, by adjustment of the magnetic-flux density. 

The short -focus coil may be considered as a thin lens having a focal 
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length/ given approximately by 1 

i = i— f dz meters -1 (3-19) 

/ 8 mv 

where the effective region of the magnetic field lies between Zi and z 2 in 
the axial direction. 

The focus coil may be replaced by a permanent magnet with the field 
confined to the air gap as shown by Fig. 3-11. The magnitude of the 



field may be controlled by varying the length of the gap. In general, 
the focusing is not as good with the magnetostatic field as with the elec¬ 
tromagnetic field because of the difficulty of confining the field to the 

region of the gap. 

Sometimes a combination of mag¬ 
netostatic and electromagnetic field 
is used in a single focusing element. 
Most of the field is produced by the 
permanent magnet, with a small var¬ 
iable portion produced by the coil, 
whose current can be varied. Such 
a combination combines the econ¬ 
omy of permanent magnetic focusing 
and the positive control of electro¬ 
magnetic focusing. 

3-3. Deflection of Electron Beams. Usually considered as part of the 
electron-gun structure, but sometimes thought of as being a separate 
entity is the means for deflection of the electron beam. The purpose of 
the electron gun, including the deflection system, is to produce a finely 
focused beam of electrons which scans a surface perpendicular to the cen¬ 
tral axis of the focused beam. The electron beam striking this surface 
must have sufficient velocity to cause some disturbance at this surface, 
either secondary emission, excitation of a phosphorescent material, or 
some other phenomenon. Either following the acceleration and focus¬ 
ing action, or coincident with it, the beam may be deflected in accord- 

1 See Spangenberg, op. cit., p. 399. 



Fin. 3-11. Permanent-magnet focusing. 
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ance with the required scanning velocities and directions, by the applica¬ 
tion of either electric or magnetic fields. 

Electrostatic Deflection. If, after being accelerated to an axial velocity 
v a as the result of an accelerating potential E a , the electron beam is sub¬ 
jected to the action of a transverse electric field of intensity 6 volts/m, it 
is deflected in the negative of the direction of the electric-field intensity. 
This situation is illustrated by Fig. 3-12, in which the transverse electric 
field is obtained by a difference of potential E d , applied between two hor¬ 
izontal parallel plates. The transverse-field intensity is 6„ = EJd in 
volts per meter. It is assumed that there are no accelerating or retard¬ 
ing fields in the axial direction, i.e., everywhere along the axis the poten¬ 
tial is E a . The potential on the upper plate is E a + EJ 2, and that on 
the lower plate is E a - EJ 2. Departure from this condition will result 
in distortion and defocusing effects, which will be discussed later. 



Fio. 3-12. Deflection of electron beams in uniform electric field. 


Application of Eqs. (3-1) and (3-2) to the situation of Fig. 3-12 yields 
transverse components of electron velocity given by 

v„ - »ov = ~ J 0 it dl m/sec (3-20) 


where v 0 is any initial transverse component of electron velocity and v y 
is the velocity attained at any time t after the electron enters the electric 


field. 

Since v„ = dy/dt, the deflection is given by 


y = i'o v t 


_ r f‘ c ^dt dt 

Jo Jo m 


meters 


(3-21) 


If the electric field is uniform in space and is not a function of time, the 
above equation reduces to 



meters 


(3-22) 


Since z = vj, the deflection y in terms of the axial distance may be 
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found from 


1 2&U 1 _* 

V — —-X — n -a 3 

y v„ 2 m v a * 


VOu 


(3-23) 


Usually, except for unintentional misalignment of the electron gun 
producing the beam of electrons, »«* may be considered as zero. Fur¬ 
ther, if the electric field is uniform, 8 = -E d /d, then 


V = n 


1 eE d 1 


—; X 


2 md v a 7 


meters 


(3-24) 


As an electron leaves the region of the deflection plates, it ceases to 
be acted upon by the electric field and continues to the screen with the 
velocity and direction with which it left the electric field, provided no 
additional deflecting, accelerating, or retarding fields exist. Within the 
region of the deflection plates, the motion expressed by Eq. (3-24) is 
parabolic. The geometry of Fig. 3-12, together with Eq. (3-24) and the 
expression of v a in terms of the accelerating potential E a which causes it, 
results in an expression for the deflection D at the screen. 


D = K-JW meters (3-25) 

2 dE a 

The method of derivation of this result is based on the assumption that 
the deflection potential E d is not a function of time. This means that 
any time variation of this potential must be at a rate which iB slow in 
comparison with the time required for an electron to pass through the 
electric field. As long as this condition is fulfilled, Eq. (3-25) may still 
be used even though E d varies with time. The velocity of the electron 
beam determines the upper limit at which the results may be applied. 

For example, linear deflection results from an applied voltage of the 
form E d = kt, which yields the expression for deflection 

z, - || (3-26) 


These results will not be valid if the axial component of velocity is sub¬ 
ject to either accelerating or retarding fields during the time of travel. 
In addition, fringing effects at the edges of the plates have been neglected. 
This reduces the accuracy of the derived results. 

The spot size of the focused beam of electrons will be larger for the 
deflected beam than for the undeflected beam, since the beam of finite 
cross section strikes the screen at an angle. The spot, rather than being 
approximately circular, is distorted into an ellipse for large deflectior 
angles. 

Magnetic Deflection. The deflection of electron beams may be pro¬ 
duced by the application of magnetic as well as electric fields, as illus- 
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trated by Fig. 3-13, where an electron with initial velocity v a along the 
axis enters the magnetic field, which is directed toward the observer and 
produced by the coil of length h. This electron is subjected to a force 
perpendicular to the direction of both and the magnetic field. The 
force causes the electron to describe a circular path of radius R, as shown, 



subject to the restriction that the magnetic field may be considered as 
constant during the time that the single electron .s under .ts mfluence. 
The radius of the circle is given from Eq. (3-18) as 


ft — meters 

en 


(3-27) 


From the geometry of Fig. 3-13 

dt 


y/lS + d , 1 


VV + d\' 

2 li 


from which 


d x = R - y/To - IS 


It also may be observed that 

sin 0 = 


and 


cos 6 


/! _ ii! 

V 1 R' 


(3-28) 


dt = It tan 0 


R cos 6 


Also, 
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From these relationships, di 
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is found to be 


di — 


h h 


(3-29) 


~ h 2 

The total deflection D at the screen is the sum of Eqs. (3-28) and (3-29), 


» - * - (3 - 30) 

The radius R is determined in terms of i>« and B from Eq. (3-27). 

An approximate value for deflection can be obtained in the case of 

R » l h from 

D = l -j£ (3-31) 


This equation is accurate only for small deflection angles. 

A somewhat more accurate approximation results if the distance L 
from the screen to the center of the field, rather than the distance li, is 
used. The resulting deflection is 

D = l -i (3-32) 

K 

It is convenient to express this deflection in terms of the magnetic field 
and accelerating potential by making use of Eq. (3-27) and Eq. (3-9). 
The result is 

“ (3 - 33) 

This result is accurate only for deflection angles of a few degrees; for 
deflections of more than this, the form of Eq. (3-30) should be used. 
Equation (3-33), however, shows the interesting result that so long as 
the deflection is small, it is inversely proportional to \/E«, whereas, for 
electrostatic deflection, it is inversely proportional to E a itself. This 
comparison is important because it forms a basis of comparison for judg¬ 
ing the relative merits, from an economic standpoint, of magnetic and 
electrostatic deflection where high accelerating potentials are involved. 

The results of the above development show that only at small angles 
is the deflection proportional, accurately, to the magnetic-flux density. 
Also, fringing effects have been neglected entirely. In practice, where 
large deflection angles are required, it is necessary to modify the space 
distribution of the magnetic field in order that the deflection vary lin¬ 
early with the current producing the field. This is done by proper dis* 
tribution of windings. 

Deflection in Combined Electric and Magnetic Fields. After being 
ieflected by methods previously described, the electron beam will not 
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strike the screen perpendicular to the surface. As the deflection angle 
increased, the result is an enlarged spot size. It is sometimes desir¬ 
able to remove the transverse component of velocity as the beam leaves 
the deflection field, leaving only the original axial component. This may 
be accomplished by combining the effect of the long-focus coil with that 
of electrostatic deflection. The behavior of an electron released in a 




*(1 +2n) 

(fB/m ) 

2nw 'j 

I 

2 r\7e tym | 


(6) Details of electron motion 

Kio. 3-14. Motion of electron released from rest in crossed electric and magnetic fields. 


combination electric and magnetic field with zero initial velocity is illus¬ 
trated by Fig 3-14. The differential equations of motion of the elec¬ 
tron, from application of the laws of forces on charged particles exerted 
by electric and magnetic fields, are found to be 



(3-34) 


The first of these equations may be differentiated and combined with 




fundamentals of television engineering 


the second to produce 



(3-35) 


This equation may be solved for v v by use of standard methods for solu¬ 
tion of homogeneous differential equations and application of the condi¬ 
tion that, at the instant of release, v v = 0 and dv y /dt = eS/m. The z 
component of velocity is then obtained from dv t /dt = ev u B/m. 

The y and z components of displacement at any time after release at 

t = 0 may be found from 



The resultant equations are 



z 


eZ/m 
(i eB/m)' 

eS/m 
0 eB/m)' 



These equations may be identified as the parametric equations of a 
cvcloid with progression in the z direction. The maximum amplitude 
(2/m.*) of the loops occurs when 


— ( = t( 1 + 2n) 

771 


n = 0, 1, 2, 3, . . . 


and is given by 


y 


2 eZ/m 

(eB/m)' 


At this time, the z component of displacement is 

t( 1 + 2n)eS/m 
Zym “ ( eB/m)' 

The y displacement reduces to zero when 

pR 

— t = 2mr n = 0, 1, 2, 3, 
m 


(3-38) 


(3-39) 


At these times, the y component of velocity also reduces to zero. At the 
lame times, the z displacement is 


2mreS /m 

Zy -° ~ 1/eB/m)' 


(3-40) 


If an electron is released with an initial velocity v s in the x direction, 
this velocity component is unchanged by either the magnetic or the elec- 
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trie field. Then, the electron path becomes that of Fig. 3-15. The x 
component of displacement is given by 

x ** Vjt 

If the electric field can be terminated at one of the points of zero y dis¬ 
placement, a net deflection in the z direction may be obtained and the 



M 

Fio. 3-16. Electron released with x-directed component of velocity in crossed electric 
and magnetic fields. 
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Fio. 3-10. Electron released in combined field of deflection plates and long-focus coil. 


electron made to emerge from the field with a final velocity parallel tc 
that with which it entered the field. This is illustrated by Fig. 3-16, 
where the deflection plates are immersed in the field of the long-focus 
coil. 

If the electric field is confined to the region of length l , the time that 
an electron is under the influence of the field is t l/v m . 

Since the y displacement reduces to zero when (eB/m)t =- 2rvr, the 
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electron can be made to emerge from the field of length l when 


<*1 = 2 ™ ( 3 - 41 ) 

m v s 

The above condition may be satisfied for a system for fixed dimensions 
by variation of B. The substitution of the condition of Eq. (3-41) into 
Eq. (3-40) and substitution of S = E d /d yields 

D = - -I meters (3-42) 

(eB/m) v x d 

which further reduces to 

D = eJmVEi meters (3-43) 

2ri7r v x 2 a 

If v x is written in terms of the accelerating potential E a which causes it, 
the deflection can be expressed as 



l 2 Ea 
\nird E a 


(3-44) 


This result shows that, just as in the simple case of electrostatic deflec¬ 
tion, the deflection is proportional to the deflection voltage and inversely 
proportional to the accelerating voltage. However, the deflection, being 
parallel to the planes of the deflection plates, is at right angles to that of 
the simple case of electrostatic deflection. This method is most applica¬ 
ble where only small deflections are required, since the maximum deflec¬ 
tion is determined by the width of the deflecting plates. 

Combination of Magnetic-deflection Field with Axial-focus Field. It is 
possible to obtain the general type of deflection described above by a 
combination of axial and transverse magnetic fields. The action of this 
combination may be understood by reference to Fig. 3-17. The crossed 
magnetic fields Bi and B 2 are uniform in the region x = 0 to x — l and 
may be combined as a resultant field B given by 

B = —= VBi 2 + BS 

cos 9 (3-45) 

B = = VBS + Bf 

sin 9 


The initial axial velocity v a may 1-3 expressed as the sum of two com¬ 
ponents, one parallel to B , 

Bi 

v a cos 9 = v a -g 


which is not affected by the resultant field, and one perpendicular to B, 
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which is acted upon by B to produce a circular component of motion in 
the y'z plane as shown in Fig. 3-176. The resultant path through the 
combined field is helical motion of the form previously described and 
illustrated in Fig. 3-8. 



(a) Components of motion in i-y plane 



(6) Component of motion m y'-z plane 

Fio. 3-17. Motion of electron released at an angle with a resultant of two magnetic 
fields. 


The radius of the circular component of this motion is given by an 
equation of the form of Eq. (3-27) as 



mv a sin 0 

ell 


mvJU 

cli* 


(3-16) 


and the time required for n revolutions is 

2irnm 

e/r <*-»*) 

from Eq. (3-15). 

The time during which the electron is subject to the action of the com¬ 
bined fields is found from the time required for the component of veloc¬ 
ity v a Bi/B, to traverse the distance given by //cos 0 = IB/B X and is 

, 1 l & 

tx v a cos 2 0 v a B x * ( 3_48 ) 


If, during this time t\, the electron has made n complete revolutions, it 
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will emerge from the fields with exactly the same velocity and direction 
with which it entered. Under these conditions, the amount of deflection 
D, from the geometry of Fig. 3-17, is 

D = l tan 6 = l ^ (3-49) 

This result is illustrated in Fig. 3-18, in which the resultant field is pro¬ 
duced by the two concentric coils. 

According to Eq. (3-49), the deflection is proportional to the transverse 
component of magnetic field, B 2 , which can be varied at the desired scan¬ 
ning rate by variation of the current in the coil producing it. This 
result is correct only if B x is adiusted to the proper value to give an 


Coil producing axial component of ti 
Coil producing transverse component of B 



] 


B, 




B- 



Path of electron properly 

,OC X?ion l IT ^ electron improperly 

deflection .eld focused at end of deflection 

f-pid but focused at screen 
Fio. 3-18. Deflection by combined magnetic holds*. 


integral number of revolutions of the helix. The value of B x required 
to fulfill this condition for a given value of B 2 can be found by equating 
Eq. (3-47) and Eq. (3-48). 

27rmn _ 1{B X 2 + B 2 2 } (3-50) 

eB v„B i 2 


This equation shows the dependence of B\ upon B 2 if the electron is to 
emerge with no radial component of velocity. If B i is made to vary in 
accordance with the above condition, a deflection, which is a linear func¬ 
tion of B 2 , can no longer be obtained. However, if the longitudinal-focus 
field is large compared with B i, that is, if the deflection is limited to small 
angles, then Eq. (3-50) reduces to 

2t mn _ l 
eB i v a 


or 



2 TrrnnVa 



(3-51) 
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The result expressed by this equation is exactly true at the center of 
the field. It is apparent that if electrons entering at point 0 are mis¬ 
directed, i.e., if y or z components of original velocity are present, the 
electrons will still converge to a common point at the end of the fields. 
For small deflections, Eq. (3-49) holds approximately even though By is 


held constant. 

Consideration must be given to the magnitudes of By and B 2 . it is 
desirable to obtain the required deflection with as small a value of B 2 as 
possible, since it is the time-varying quantity that produces the deflec¬ 
tion. This results in a correspondingly small value of By for a given 
angle of deflection. Observation of Eq. (3-46) shows that the result is 
a helical component of motion whose circular component has a large 
radius. Also, inspection of Eq. (3-47) shows that, for a given transit 
time, a small value of B results in fewer revolutions of the helix. 

It is desirable to reduce the radius to as small a value as practical, 
inasmuch as the radius represents the maximum possible error in dis¬ 
placement of the electron resulting from completing more or less than an 
integral number of revolutions. It follows that the total value of B 
should be as large as possible within practical limits. 

If the axial-focus field is longer than the deflection field, as shown by 
Fig 3-18 any electron which leaves the combination field with other 
than ^-directed components will continue to describe helical motion, 
spiraling around the line parallel to the * axis. Such an electron may be 
focused at the screen provided that the value of By is correct. 

3-4. Summary. It has been shown that scanning of a surface with 
an electron beam involves acceleration and focusing of electrons with 
electric fields, magnetic fields, or a combination of both. The method 
used in a particular application depends upon the total acceleration 
required the amount of deflection needed, and the required minimum 
size of the final beam. Application of the principles involved in pickup 
and reproducing devices will be dealt with in the two following chapters. 



CHAPTER 4 


IMAGE-PICKUP TUBES AND OUTPUT CIRCUITS 


Throughout the development of television, the limiting factor on the 
ultimate performance of a system has always been in the optical-electri¬ 
cal conversion device itself, i.e., the pickup tube. Of the many types 
which have been developed, all have suffered to a greater or lesser extent 
from poor resolution, poor sensitivity, high noise level, undesirable spec¬ 
tral response, instability, poor contrast range, and difficulty of process¬ 
ing. Much work has gone into the development of such devices, but 
there have emerged only a few types which meet most of the require¬ 
ments of high-resolution television systems. The pickup tube resorts to 
electron-beam scanning of the image, either directly or indirectly, and 
makes use of the photoelectric properties of materials. 

4-1. Photoelectric Effects. Photoelectric phenomena may be classified 
in one of the following ways: (1) liberation of electrons from a material 
under the influence of illumination (photoemission); (2) generation of 
voltage due to chemical or physical changes induced by illumination 
(photovoltaic action); (3) changes of conductivity of a surface due to 
illumination (photoconductivity). 

Of the photoelectric effects, photoemission is probably the most impor¬ 
tant and best understood. In order to free electrons from a material, 
sufficient energy must be imparted to allow them to overcome the poten¬ 
tial-energy barrier at the surface. One method of freeing electrons is 
thermionic emission, where the energy supplied is thermal. This method 
is made use of in the thermionic cathode of the ordinary vacuum tube. 
Another is secondary emission, where sufficient energy is imparted by 
impinging electrons striking the surface with a velocity sufficient to 
remove one or more electrons from the surface. The third is photoemis¬ 
sion, which makes use of radiant energy from light sources to release 
electrons from the surface. 

When electrons are emitted from surfaces as a result of incident radia¬ 
tion, emission takes place with all velocities from zero to a definite maxi¬ 
mum value. The maximum possible velocity of the emitted electrons is 
given by 

>i ,J = eE r (4-1) 

where E r is the retarding potential necessary to reduce the electron emis¬ 
sion to zero. 
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The most common device making use of photoemission is the ordinary 
nhototube, having the typical characteristics shown in Fig,. 4-1. The 
voltage-current characteristic is shown in lug. 4-la and the spectral 

response in Fig. 4-1 b. 
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(a) Voltage-current characteristic (6) Spectral response 

Fig. 4-1. Characteristics of typical phototube. 

Spectral responses of photosensitive materials have wide variations as 
shown in Fig 4-2. These responses are for pure metals, and still differ 

ent responses arc obtainable from various compounds. 

The response of photosensitive surfaces may or may not be affected by 
secondary emission. A surface with high photosens,t.v.ty will usually 
have a high secondary-emission ratio as 

well, and the action at such surfaces AA /'A 

may be complicated by this fact. -go, f /\\( / \( \ 

There are two general types of photo- /\\ \ 

sensitive surfaces which have been devel- |$ / )(V V\ \ 

oped for use in television pickup tubes. / \ 

One of these is the mosaic. The other , , \ 

\ethe photocxithofle. The mosaic consists 300 400 J 00 600 

of a photosensitive material deposited on Wavelengt . ny< 

an insulating material,such as mica, and ^ tos ^ ili ^ i r POn8M °‘ 
hacked by a conductive coating. 1 he 

photosensitive surface, usually processed from silver and cesium, is broken 
-ip during processing into microscopic particles, all insulated from one 
another. Where the metallic conductive coating is sufficiently thin so that 
it is essentially transparent, this structure is referred to as a two-sided 
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Fig. 4-2. Spectral responses ol 
photosensitive materials. 


mosaic. 

Unlike the mosaic, which is composed of insulated photosensitive par¬ 
ticles, the photocathode is a continuous surface which inherently has a 
photosensitivity several times greater than that of the mosaic. 

The photoconductive surface, as applied to pickup tubes, consists of a 
thin plate which has a conductivity across the surface at a point that is 
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a function of the illumination at the point. Because of difficulty in 
obtaining materials with uniform transverse conductivity over a large 
surface area and because of objectionable time lag in responses, pickup 
tubes using photoconductive surfaces have not reached the same state 
of development as those using photoemissive surfaces. 

4-2. Secondary Emission. Electrons striking a surface with sufficient 
velocity may cause other electrons to be released from the surface. The 
production of these electrons is called secondary emission, and the ratio 
of the numbe- of electrons leaving the surface to the number of impinging 
electrons is called the secondary-emission ratio of the material. This 
secondary-emission ratio depends upon the impinging velocity of the pri¬ 
mary electrons. A useful device which makes use of secondary emission 
is the electron multiplier, which consists of a number of electrodes, each 
having a high secondary-emission ratio, arranged in such a way that sec¬ 
ondary electrons from one electrode are directed successively to other 
electrodes, at increasingly higher potentials. Such a device functions at 
several stages of amplification for electrons impinging on the first stage. 

4-3. Electron-beam Scanning of Photoelectric Surfaces. It was 
postulated in Chap. 2 that, as a result of the scanning process, a time- 
varying signal could be obtained that was a function of the illumination 
on the scanned surface. The signal might result from variable charge 
distribution over a mosaic or photocathode or from variation, with illu¬ 
mination, of conductivity of a photoconductive material. 

In the case of the mosaic surface, there is exhibited the very useful 
property that photoemission from a particular element of the mosaic con¬ 
tinues during the time of exposure to illumination. If electrons, thus 
liberated, can be drawn away by externally applied potentials, the net 
charge accumulated at the surface is directly proportional to the length 
of time of the applied illumination, at least until photoelectric saturation 
is reached. In other words, the surface of the mosaic may be thought of 
as a storage device. If the resulting loss of charge on any surface can be 
instantaneously replaced by a scanning beam, a signal current, which is 
proportional to the total accumulated charge, might be made to flow in 
an external circuit. Use can be made of this characteristic, although 
the process might be complicated by secondary-emission effects. 

In the case of the photocathode, it is more difficult to make use of the 
storage property directly, because lateral spreading of charges during the 
storage time destroys the effective resolution of the surface. However, 
it is possible to take advantage of the greater photosensitivities of photo¬ 
cathode surfaces by providing an accelerating field to draw the electrons 
away from the surface as soon as they are liberated and by focusing them 
as a charge pattern on a secondary mosaic or some other form of target 
which is scanned by the electron beam. This secondary target is the one 
having the storage properties. 
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4-4. High-velocity Scanning of Mosaic Surfaces (the Iconoscope). 
The iconoscope was the first practical all-electronic pickup device and, 
for many years, was the most widely used pickup tube in existence. It 
was first described in the literature in 1934. 1 Since that time, the device 
has been improved and the theory of operation more completely devel¬ 
oped, as reported in subsequent literature. 2 

The iconoscope makes use of the principle of high-velocity scanning 
of a mosaic surface and takes advantage of the storage property of such 
a surface. A typical iconoscope is 
illustrated in Fig. 4-3; a cross-sec¬ 
tion sketch indicating its principle 
of operation is shown in Fig. 4-1. 

An optical image is focused on the 
mosaic surface, which is separated 
from the back conducting plate by 
a material having a high dielectric 
constant (usually mica). A collec¬ 
tor plate, which consists in part ot 
a conductive coating on the inner 
walls of the tube, is at ground po¬ 
tential. This coating is part of the 
second-anode structure. The elec¬ 
tron gun, whose elements are nega¬ 
tive with respect to this collector, or 
anode, is basically one of the elec¬ 
trostatically focused guns described 
in Chap. 3. This electron gun pro¬ 
duces a beam of electrons which 
scans the surface of the mosaic. 

The deflection at the mosaic is pro¬ 
duced by variation of currents in a pair of coils surrounding the neck of 
the tube. The results of the scanning process may be described briefly 
as follows: 

Light falling on the mosaic causes the emission of photoelectrons, leav¬ 
ing a pattern of positive charges whose surface density varies in accord¬ 
ance with the light-intensity distribution over the surface. Electrons 
from the scanning beam strike the mosaic with a velocity sufficiently 



I-'n:. 4-3. The iconoscope. (Courlenij of 
ItC A.) 


•V. K. Zworykin, The Iconoscope, A Modern Version of the Electric Eye. Fror. 
IKE, Vol. 22, No. 1, pp. 10-32, January, 1934. 

* V. K Zworykin, G. A. Morton, and L. E. Flory, Theory and Performance of the 
Iconoscope, Fror. IRE, Vol. 25, No. 8, August, 1937. 


V. K. Zworykin, "Television,” John Wiley & Sons, Inc., New York, 1940. 

It. B. Janes and W. H. Hickock, Recent Improvements in the Design and Character 
‘.•tic* of the Iconoscope, Froc. IKE, Vol. 27, pp. 635-540, September, 1939. 
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Fig. 4-4. Elements of iconoscope operation 


high that each impinging electron causes several secondary electrons to be 


released from the mosaic surface. 



Instantaneous position | 
of scanning beam a 


(a) Scanning of iconoscope mosaic 

I a .Distribution for low 
1 beam current density 

\ 

\ 



( b) Potential distribution along vertical section 
Fig. 1-5. Results of wanning mosaic in 
darkness. 

reaches a value such 
ing current, equilibrium 
positive potential, 
ating conditions, is 2 to 3 volts, 
do not reach the collector but are 
less uniform distribution. 


Secondary emission is thus a factor in 
the operation. 

If the mosaic surface is scanned 
in darkness, as indicated in Fig. 4-5a, 
the potential over the mosaic taken 
through a cross section, from top to 
bottom of successive scanning lines, 
is that shown in Fig. 4-5f>. This po¬ 
tential has its most positive value 
directly under the scanning beam 
and its most negative (or least pos¬ 
itive) value directly ahead of the 
scanning beam. This distribution 
may be explained by first consider¬ 
ing the point directly under the 
scanning beam. Bombardment by 
the scanning beam causes more and 
more secondary electrons to be emit¬ 
ted, leaving the point increasingly 
positive with respect to the collect¬ 
ing electrode. As higher and higher 
potentials are reached, secondary 
electrons having small initial veloc¬ 
ities are prevented from reaching 
the collector. When the potentipl 


that the escaping current is equal to the bombard- 
is reached and the mosaic assumes its maximum 
'his potential, for actual tubes under normal oper- 

At any one time, some of the electrons 
returned t.n the mosaic in a more or 
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Electrons collected at all other points make them negative with respect 
to the point under the scanning beam. The process continues until the 
potential becomes sufficient to retard any additional electrons. As 
might be expected, the most negative point is that which has been 
free from the scanning beam for the greatest length of time and is the 
point directly ahead of the beam. If the beam current is too small, a 
point may not actually reach negative values during the frame interval 
because of the smaller redistribution current. 

When the mosaic is illuminated nonuniformly, the potential under the 
scanning beam will be the same everywhere but other points will be at 
different potentials as a result of photoemission, the potential of an illu¬ 
minated area being higher than that of a nonilluminated area. There¬ 
fore over the area different amounts of charge will be accumulated 


Potential when 
longest removed 
from scanning 
beam 

I 

(a) Potential of elemental mosaic area relative to collectoi 





(b) Potential of illuminated area relative to non-illuminated area 
Fio. 4-6. Comparison of mosaic-potential time distribution with and without illumi¬ 
nation. 

instantaneously when the scanning beam strikes. It is this difference 
which results in the picture signal in the external load resistor. 

The variation of potential of an elemental area as a function of time 
for conditions of both illumination and nonillumination is shown in Fig. 
4-0a. The curve of Fig. 4-G6 showing the potential of an illuminated 
area relative to what it would be if it were not illuminated, as a func¬ 
tion of the scanning time, shows that the net number of electrons ieav- 
ing an elemental area when the scanning beam hits is less for greater 
amounts of illumination. Ideally, this difference current would appear 
as a signal current in the external load resistor. However, all the released 
electrons do not reach the collector but represent one component of redis¬ 
tribution current. The elective signal current is only that fraction of 
the total current leaving the mosaic element at the time the scanning 
beam hits which actually reaches the collector. This, and the redistri¬ 
bution component resulting from lack of photoelectric saturation, causes 
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the efficiency of the device to be only 5 to 10 per cent of the theoretically 

possible value. . T , , 

The iconoscope is representative of storage action in a tube, it only 

the instantaneous value of illumination were useful in producing the out¬ 
put signal, the sensitivity would be only a fraction of what it is. How¬ 
ever, the light is, in effect, stored from one scanning period to the next, 
and all the stored energy is released by the scanning-beam impact. 

The mosaic surface of an iconoscope may have secondary-emission 
ratios varying from about 2 to 8 with a value of 5, representing an aver¬ 
age tube. The photosensitivity is about 15 pa/lumen. 

The diameter of the scanning beam and its distribution over a circular 
cross section is approximately that shown in Fig. 4-7. The total current 
in the scanning beam ranges from 0.1 to 0.3 pn, 0.2 p& being the most 

usual value. The area of the mosaic is about 

3 Vi by 4% in. 

Quantitative calculations of performance are 
complicated, because the photoemission itsell 
is not only a function of the illumination but, 
owing to the unsaturated character of the pho¬ 
toemission, is also a function of the potential 
of the area, which depends, in turn, upon the 
redistribution of electrons from other areas. 

When an image is formed on the mosaic, the 
time rate at which charge is stored on any ele¬ 
mental area As during the storage time can be 

expressed by 

^ = (Ly — (pri + pn)) As (4-2) 
at 




Fir,. 4-7. Current-density 
distribution of scunninp 
beam. 


where L = illumination per unit area, lumens/cm 

7 = photosensitivity, amp/lumen (electron current) 

Prl = photoelectric-redistribution electron-current density, amp 

cm* . . 

Pr2 = redistribution electron-current density, amp/cm 2 , consisting 

of secondary electrons released by the scanning beam when 

scanning other elements of the mosaic surface 

From Eq. (4-2), the change in potential during the storage time may 

be expressed as 

E, - E t = [Ly - (pr, + p.,0] dt (4-3) 

Co J ti 


where ti = time scanning beam leaves area 

t 2 = time scanning beam hits area in following period 
Co = capacitance of mosaic to the signal plate per unit area 
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When the electron beam strikes the elemental area under discussion, 
the action is as illustrated in Fig. 4-8. The cross section of the beam is 
considered as larger than the area in question. 

As a result of the beam striking, secondary electrons are emitted, the 
secondary electron-current density being given by p s , part of which, p,, 
is collected by the anode, or collector, and part of which is redistributed 
to other points on the mosaic, this 
part being represented by p«. The 
net electron current leaving the ele¬ 
mental area during the contact with 
the scanning beam (assuming that 
Pk strikes points on the mosaic other 
than this elemental area) is 


As 
Elemental area 
under beam 


p, = secondary emission 

p c = collector 
current 

• return beam 
current 



Fig. 4-8. Results of scanning elemental 


Pn = P. “ Pb (4-4) area. 


where p b is the beam electron-current density. 

The change in potential of this elemental area is, therefore, expressed by 





(4-5) 


where = time beam starts to hit area 
ti = time beam leaves area 

Reference to Eq. (4-3) shows that if the photoemission current (Ly) is 
greater than the total redistribution current during the storage time, the 
potential of the mosaic just before the beam strikes would be greater than 
that after the beam hits. This is not the case, however, since the redis¬ 
tribution current is greater than that due to photoemission, which shows 
clearly that Ei - Ex is negative, being less negative for greater amounts 
of illumination, since the major part of the redistribution is that due to 
return electrons released by the scanning beam on other areas. This 
polarity is in agreement with Fig. 4-5 and Fig. 1-6. 

Since the electron beam brings the potential of an elemental area to a 
positive value, consideration of Eqs. (4-3) and (4-5) shows that 

E t - Ei = -{Ei - E x ) (4-6) 

From the above relationship, it would be possible to evaluate the change 
in mosaic potential for varying amounts of illumination provided the 
nature of the various redistribution functions could be found. These 
cannot be expressed quantitatively since they are all interdependent in a 
highly complicated manner. The photosensitivity of a particular area 
depends upon both the illumination and the potential of the surface, 
which in turn depend upon the redistribution currents, at the point in 
question, which are themselves unknown functions. 
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The most important evaluation would be that of the collector current 
durine the time the beam strikes an elemental area because it is this cur¬ 
rent which produces the signal in the external load resistor. 

The total electron current reaching the collector from an elemental 
area As, during the time of contact with the beam, is given by 

i e = (p, — Pr) As ^ 

However this is not the entire current reaching the collector during 
this time, since there is an additional component due to photoemission 



# — f ■ 

Fig. 4-9. Typical characteristics of type 1850A iconoscope, 
from other areas which is given by 


i r = l Ly — (pri + Pr*)] ds 

which represents the total collected photocurrent over the entire area -4 
of the mosaic at the particular interval under consideration, except the 

elemental area being scanned at the moment. 

For still pictures with nonvarying illumination, the above component 
of current would be constant, except for the fact that the redistribution 
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factors, p r 2 in particular, are a function of the position of the scanning 
beam and, therefore, a function of time. In addition, there is a variation 
of the component of current which is responsible for the signal, i e , which 
depends upon the redistribution geometry. The net result is an extrane¬ 
ous signal which depends upon illumination and varies with position of 
the scanning beam. This signal is represented by an irregular shading 
pattern superimposed on the reproduced image. This spurious signal or 
shading due to irregular redistribution appears even with no illumina¬ 
tion and must be corrected for by various waveforms added to the result¬ 
ant video signal. This type of correction is known as shading correction. 

The spurious signal also depends upon beam current, being least for low 
beam currents. Beam currents of less than 0.2 pti minimize the shad¬ 
ing requirements at the sacrifice of some efficiency. 



Video signal 
fo preamplifier 


Fig. 1-10. Iconoscope and associated voltage and control circuits. 


Typical characteristics of the iconoscope are shown in Fig. 4-9. 
These characteristics represent only average values since they vary 
widely from tube to tube. 

A technique known as edge-and-baek lighting of the mosaic gives a 
marked improvement in sensitivity, and such a technique is gencrallx 

employed. 

Certain scanning difficulties are apparent from observation of the shape 
of the tube. The scanning pattern resulting from constant horizontal 
and vertical scanning amplitudes is trapezoidal in shape and must there¬ 
fore be modified if a rectangular pattern is desired. 

The resolution capabilities of the iconoscope arc adequate. There is 


no great difficulty in building a mosaic surface with a sufficient number of 
elements to more than match the resolution of the eye. The scanning 
beam itself can be made of small cross-section area by limiting apertures 


in the gun, since only very low beam currents are required. 

The iconoscope, complete with typical associated voltage and control 
circuits, is shown in Fig. I-Ji? 
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Various attempts have been made to improve the sensitivity o f the 
iconoscope. One of these makes use of the continuous photocathode with 
its inherently higher photosensitivity. The result is the image icono¬ 
scope. 1 In this tube, the light image is focused on the photocathode, 
which emits photoelectrons continuously. These photoelectrons are 
accelerated toward and focused on the back of a two-sided mosaic which 
has a high secondary-emission ratio. Scanning of the photosensitive 
side of the mosaic produces the picture signal. Considerable gain in 
sensitivity can be realized with this type of tube. However, the elec¬ 
tron-image focusing mechanism introduces a greater degree of complex¬ 
ity, and such defects as the spurious signal caused by redistribution are 


Photoelectrons 


not eliminated. 

Another improvement in sensitivity results when the secondary emis¬ 
sion from the mosaic of the iconoscope is directed through an electron 
multiplier A tube of this type was known as the signal-multiplier icono¬ 
scope.- This process has inherent 
difficulties and contributes nothing 
to the elimination of the spurious sig¬ 
nal, actually adding spurious signals 
of its own. 

4-6. Low-velocity Scanning of Mo¬ 
saic Surfaces (the Orthicon). The 
iconoscope does not reach its theoret¬ 
ically possible maximum efficiency 
partly because all the electrons re¬ 
leased from the mosaic surface by 
photoelectric emission are not eol- 


Light 

Returning electrons 



Low velocity electron 
beam 


Fig. 4-11. Low-velocity scanning of 
iennoscope-typo tube. 


iected by the second anode. It is the secondary-emission phenomena 
which arc responsible for this lack of photoelectric saturation. One 
means of attack for the improvement of pickup-tube quality might be to 
remove secondary emission from the mechanism of operation. 

If an iconoscope type of device operated at very low anode voltage 
(Fig. 4-11) is considered and the mosaic is scanned in the absence of light, 
the low accelerating voltages involved minimize the likelihood of second¬ 
ary emission. Therefore, as a result of electron-beam scanning, a nega¬ 
tive charge is built up on the mosaic surface, which tends to repel addi¬ 
tional electrons. This process causes an equilibrium condition to be 
reached when the target potential becomes equal to the cathode poten- 


1 H. A. Inms, G. A. Morton, and V. K. Zworykin, The Image Iconoscope, Proc. IRE, 
Vol. 27, No. 9, pp. 541-547, September, 1939. 

This type has been developed in England under the name Super Emitron. See J. D. 
McGee, Distant Electric Vision, Proc. IRE, Vol. 38, No. G, pp. 59G-G08, June, 1950. 
The regular iconoscope is referred to as the Emitron. 

1 See Zworykin, Morton, and Flory, op. cit. 
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tial. At this time no more electrons land on the surface, but merely 
graze it and are returned to the anode, which is the most positive point 
with respect to the surface. No signal is produced under the equilibrium 
conditions, since the electrons approach the target at zero velocity and 

do not actually land. 

Under lighted conditions, all the photoelectrons which are released 
from the mosaic surface are collected by the anode, which is now held at 
a potential positive with respect to the mosaic. The mosaic is therefore 
left with an array of positive charges distributed over its surface in pro¬ 
portion to the distribution of illumination. When the electron beam 
strikes an elemental charged area, electrons land until the charge is neu¬ 
tralized, i.e., until the area is again restored to cathode potential. 

In this method of operation, the negative field, which prevents elec¬ 
trons from landing on unlighted areas and which determines the amount 
of charge to be replaced on lighted areas, acts only upon the component 



of velocity perpendicular to the target. Mere, the scanning spot is elon¬ 
gated into a line which results in undesirable loss of resolution far from 
the center of the picture. Also, since the beam is of the low-velocity 
type, being reduced to near zero velocity in the region of the mosaic, it 
is subject to stray electric fields in this vicinity, which accounts for a 
possible loss of resolution. 

A practical embodiment of the principles outlined here is the orthicon, 1 
which eliminates some of the defects of low-velocity operation. In 
the orthicon, both the above difficulties are reduced, the first by using 
deflection means described in the preceding chapter, consisting of the 
long-focus coil combined with electrostatic or magnetic deflection, which 
provides deflection but leaves only the axial component of velocity. The 
long-focus coil also provides helical focusing action in the region between 
the deflection coils and the screen, thus reducing the effect of stray local 
fields. The elements of the orthicon are shown in Fig. 4-12. The elec¬ 
tron beam is produced by the ordinary electron gun, and horizontal 

' Albert Roue, and Harley lams, The Orthicon, a Television Pickup Tube, RCA 
Rev., October, 1939. 
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deflection at line-scanning rate is provided by the combination of the d-c 
focus field of the longitudinal coil and the deflection plates, which are 
provided with saw-tooth waveforms of voltage excitation. The beam is 
not deflected farther until the region of the deflection coils is reached, 
where it is deflected in the vertical direction at field repetition rate. 
After leaving the region of the deflection coils, the beam continues par¬ 
allel to the axis of the tube until the screen is reached. In addition to 
the electron motion shown, helical motion is involved, as a result of the 
field produced by the long-focus coil acting upon the transverse compo¬ 
nents of electron velocity. This action aids in focusing the beam into a 
point at the screen if the focus-coil current is adjusted to the proper 
value. 

The mosaic surface is at cathode potential (under unlighted condi¬ 
tions), as previously discussed. The two-sided mosaic is used, the side 
opposite the electron gun being illuminated. The side facing the elec¬ 
tron beam is the actual mosaic surface. The signal plate is a thin, trans¬ 
parent film of conducting material, and the optical image is focused on 
the photosensitive mosaic through this transparent plate and the mica 
insulating sheet. 

Conditions at the target arc similar to those described in the simplified 
case, i.e., sufficient electrons land to neutralise the charge built up result¬ 
ing from removal of electrons produced by photosensitivity. The elec¬ 
trons in the beam leaving the mosaic surface are fewer in numbers for 
lighted than for unlighted areas. The return beam, instead of being col¬ 
lected by an anode in the vicinity of the plates, moves back through the 
deflection fields as indicated. The electrons in the return beam are col¬ 
lected by the collector plate as shown. This collector signal, which flows 
in the external load resistor, depends upon the light-intensity variations 
on the mosaic. The polarity of the signal in the load resistor is positive 
with respect to ground, since brighter highlights cause less electron cur¬ 
rent to the collector. The sensitivity of the orthicon is several times 
greater than that of the iconoscope, and it is simpler in operation, but 
not capable of the same degree of resolution. 

The orthicon, in geneml, operates under the condition of saturated 
photremission, which results in improved sensitivity. This operation 
requires sufficient beam current to neutralize completely the charge 
ivst lt ing from photoemission. Several advantages are inherent in the 
oithicon, aside from increased sensitivity. There are no spurious sig- 
.ial- of the type produced in the iconoscope. A d-c reference level is 
present in the output signal, since there is maximum return beam cur¬ 
rent corresponding to absence of illumination, or black level. Such a 
condition is not established in the iconoscope because of the redistribu¬ 
tion ph-iiomena. 

' he disadvantages of the or’hicon have encouraged the search for bet- 
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ter tubes in spite of the improvement over the iconoscope in the matter 
of increased sensitivity. The orthicon suffers from a very poor contrast 
s-ale with a very small range of intermediate grays as compared with the 
iconoscope. The typical signal output characteristic of the orthicon is 
shown ir Fig. 4-i3 This linear characteristic shows lack of saturation 
of highlights, with the result that very little detail is observable in areas 
of the picture having low illumination. Moving scenes show poor reso¬ 
lution because of the relatively long storage period resulting from photo¬ 
electric saturation. . 

The orthicon, although not in general use in this country, forms a basis 

for other pickup tubes of increased sensitivity while eliminating some of 
the disadvantages of the orthicon. However, pickup tubes making use 



Fig 4-13. Characteristic of the orthicon. {RCA Rev., June, 1949, p. 194./ 

of the orthicon principle have been developed to a higher state of per¬ 
fection in England, such tubes being known under the name of CPS 

Emitron. 1 

4-6 The Image Orthicon. An orthicon type of tube, which differs in 
several important respects from both the iconoscope and the orthicon, 
has been developed. This tube, known as the image orthicon, 2 combines 
in a desirable way many of the principles of tubes previously developed. 
This tube fills a need for a pickup tube having sensitivities far in excess 
of those possible from earlier types. It makes use of the higher photo¬ 
sensitivities of the photocathode as compared with the mosaic, takes 
advantage of low-velocity electron-beam scanning, and uses successfully 
the electron multiplier for the signal which is developed. 

A photograph of a typical image orthicon is shown in Fig. 4-14. A 
cross-section view with its vanoi s focuring and deflection coils in place 
is shown in Fig. 4-15. 

i Cathode Potential Stabilized Emitron; see McGee, toe. cit. 

* A. Rose, P. K. Weirner, and U. B. Law, The Image Orthicon—A Sensitive Tele¬ 
vision Pickup Tube, Proc. IRE, July, 1946. 
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As in the orthicon, low-velocity scanning is employed; however, sec¬ 
ondary emission is utilized, and unlike the mechanism of the orthicon or 
iconoscope, the charge pattern on the target is not generated directly by 
photoemission but is produced by. secondary emission from an electron 
image of the light image formed on the photocathode, the same principle 
employed in the image iconoscope. Unlike the image iconoscope, how¬ 
ever, the target is not a mosaic type of surface, but a thin, highly resis¬ 
tive glass plate processed in such a way as to have a high secondary- 
emission ratio on the image side and a low secondary-emission ratio on 

the scanned side. 



Fig. 4-14. The image orthicon. (Courtesy of ItCA.) 
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The image orthicon makes use of the beam-deflection principles of the 
orthicon except that magnetic-deflection fields are used throughout. 

The general features of operation are as follows: An optical image is 
formed on one side of the two-sided photocathode, which is a semitrans¬ 
parent structure of a conducting material, processed in such a manner as 
to have a high photosensitivity. Photoelectrons emitted from this sur¬ 
face are accelerated toward the target by the electric field as indicated. 
The axial magnetic field in this region, produced by the long-focus coil, 
focuses the emitted electrons on the target as an electron image of the 
original optical image, the electrons describing helical motion of increas¬ 
ing pitch if they leave the photocathode in directions other than perpen¬ 
dicular to it. 

The two-sided target, as used in the image orthicon, has a charge 
image focused on one side while an electron beam scans the opposite side 
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in the same manner that the mosaic is scanned in the ordinary orthicon. 

The property of any surface upon which a charge image is formed, 
where storage is involved, must he such that charges cannot spread lat¬ 
erally over the surface during the storage time, since this would destroy 
the resolution of the device. The target made use of in .he image 
orthicon is made of a low-resistivity glass of very small thickness (not 
less than 0.000! in. thick). The image side of the target has a high sec¬ 
ondary-emission ratio which is obtained during processing as a result of 
migration of cesium from the photocathode. The secondary emission of 
the scanned side is reduced to a negligible figure during processing of the 
surface. 

In front of the target on the image side is a very fine wire-mesh screen 
having -100 to 1,000 meshes per linear inch with as large an open area as 
possible (up to 75 per cent). This screen is necessary for the collection 
of secondary electrons from the charged target. 

As the target is scanned, if there are no positive charges on it, all the 
electrons are decelerated just as in the case of the oithicon, and return 
toward the cathode. The deflection and focusing action is similar to 
that in the orthicon except that magnetic deflection is used for both 
components of deflection. If there are positive charges, a sufficient 
number of electrons are deposited to neutralize these charges so that 
the return beam represents the difference current as in the case of 'he 
orthicon. 

The electron image formed on the image side of the target due to its 
accelerating field has a charge density corresponding to the light distri¬ 
bution on the original photocathodc. This would be a negative-charge 
distribution except for secondary emission from the target, which has a 
secondary-emission ratio of 4 or 5. The secondary electrons are col¬ 
lected by the wire-mesh screen, thus leaving a positive-charge distribu¬ 
tion on the target surface. This charge builds up during the frame stor¬ 
age time to a given maximum positive value which depends upon the 
mesh potential and mesh-to-target spacing. Until this saturati >n level 
is reached, the charge density is proportional to illumination. The fine- 
mesh screen ensures that there is a definite limiting level on picture high¬ 
lights (saturation). 

If a given elemental area reaches a potential of 1 or 2 volts during the 
storage time, then, as a result of the thinness of the target, the scanning 
beam “sees" the charges deposited on the target (part of which have 
diffused to the scanned side) and deposits an equal number of negative 
charges on the opposite side. Because of the low resistivity of the tar¬ 
get, these charges neutralize in less than a frame time, and the target can 
again become charged as a result of picture information. 

The alignment coil produces a transverse magnetic field to correct fo- 
misalignment of the electron gun, which would allow the electron beam 
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to enter the combined focus and deflection field at an angle, resulting in 
unnecessary helical motion of the beam. Helical motion which results 
from the deflection fields is removed by the decelerating ring. 

The return beam, which comprises the useful signal, hits the first stage 
of an electron multiplier having a gain of 500 to 1,000. 

4-7. Factors Affecting Image Orthicon Performance. Wide variations 
in the characteristics of image orthicons can be obtained by variations in 
the structure of the elements and the processing of the photosensitive 
surfaces. The spectral response is, of course, primarily dependent upon 
the composition of the photocathode. Directly a function of the spec¬ 
tral response is a loss of resolution due to initial velocities of emitted elec¬ 
trons. 1 This effect is greatest with blue illumination of a photosensitive 

surface having high-red and infra¬ 
red response. 

A further contribution to poor 
resolution is made by excessive lat¬ 
eral leakage over the surface of the 
target due to an excess of cesium 
deposited on the image side during 
processing. 

Another problem associated with 
the target is that of resistivity. If 
the transverse resistivity is too high, 
the positive charge on the image side 
and the negative charges deposited 
on the scanned side will not neu¬ 
tralize during a frame time. The 
result is a “sticking picture’' of opposite polarity to the original picture 
when the original image is removed. An upper limit for glass resistivity 
to prevent undesirable sticking is about 9 X 10 11 ohms-cm. 

A very important factor in the determination of image orthicon per¬ 
formance is the spacing between the fine wire mesh which collects second¬ 
ary electrons and the glass target, as well as the magnitude of the poten¬ 
tial applied to the mesh. One of the most important functions of the 
mesh as a collector of secondary electrons is to prevent the target from 
charging to extremely high potentials as it does in the simple orthicon. 
The maximum charge that can accumulate on the target depends upon 
the capacitance of the target and the potential of the mesh above it. At 
low light levels, the target charge rises linearly with illumination, doing 
so until the target element reaches mesh potential. This is true for very 
close spacings of mesh to target and is illustrated by curve A of Fig. 
4-16, for a 500-line picture. It would appear from this curve that after 

1 H. B. DeVore, Limiting Resolution in an Image Orthicon Type Tube, Ptoc. IRE, 
Vol. 0.1, No. 3, pp. 3:15-310, March, 1948. 
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the knee of the curve was reached, no contrast would he possible between 
this and more brightly illuminated areas. This is not precisely the case, 
since, even for illumination beyond this point, secondary electrons are 
still emitted from the brightly illuminated area but, rather than being 
collected by the mesh, are redistributed on adjacent areas of the target. 
This tends to preserve the contrast even beyond the knee of the curve. 
This effect is in part undesirable, since very small, brightly illuminated 
points will be surrounded by an area of black border. However, where 
large bright and dark areas are involved, contrast is preserved at the 
boundaries, and the observer may get an impression of improved resolu¬ 
tion and contrast of the over-all scene. Best all-round operation is usu¬ 
ally at the point where the highlights in the scene are run just at the knee 
of the curve. A desirable product of this feature is the improvement of 
resolution of moving objects, since, as the picture moves, the border 
around the highlight causes the highlight signal at its former position to 
be discharged in a shorter time than it otherwise would. 

If the target-mesh spacing is greater, as shown in H of Fig. 4-16, the 
curve flattens at a much lower point because of the decreased capaci¬ 
tance of target to mesh. However, if the spacing is such that the capaci¬ 
tance of mesh to target element is much less than the “free-space” 
capacitance of the element in question (mostly capacitance to neighbor¬ 
ing elements), the element can continue to develop charge with increased 
illumination. As can be seen by curve H, the final saturation occurs at 
an illumination considerably greater than that of curve A. A tube with 
larger spacing, therefore, exhibits a much higher contrast ratio than that 
of curve A. However, the signal-to-noise ratio becomes worse. The 
curve shown in (' is of a still wider spacing but is unusable because of 
still lower signal-to-noise ratios. This noise, which tends to mask the 
signal, is represented primarily by statistical fluctuations in the electron 
emission from the cathode which comprises the original electron scanning 
beam. 

The potential of the mesh is also of importance. If it is more than 
2 or 3 volts positive with respect to cathode, the scanning beam will be 
deflected by the more positive highlight areas of the target, causing these 
areas to be discharged by the beam at the wrong time. This out-of-phase 
discharge results in geometrical distortion of highlighted areas. 

An important factor in limiting the resolution capabilities is the dis¬ 
tance between meshes in the wire-mesh screen. This results in a modu¬ 


lation of the picture information having a modulation frequency corre¬ 
sponding to the time required for the scanning beam to traverse two 
adjacent meshes. 

4-8. Characteristics of Image Orthicon Tunes. The first image orth- 
icon to be developed* represented a vast improvement in sensitivity over 

1 Sec Roue, Weimer, and Uw, op. rit. 
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any pickup tube previously available. The photocathode was of the 
cesium-silver oxide type with a sensitivity to incandescent light of 10 
to 20 /*a/lumen. Difficulty in processing this surface resulted in varia¬ 
tions in characteristics from high-sensitivity tubes having a great deal of 
infrared response to tubes having a lower peak sensitivity but more of 
the response in the visible range. The high- and low-sensitivity char¬ 
acteristics are shown in curves .4 and B of Fig. 4-17. The high infrared 
sensitivity is undesirable because it leads to improper gray scale ren¬ 
dition of various colors as compared with photographic processes. 



Improved tubes, shown by curves C and D of Fig. 4-17, indicate a more 
desirable spectral response. As shown by the curves, the response of 
the improved tubes can be made to match closely the response of the 
eye by use of a suitable filter, with very little loss of sensitivity. These 
tubes also exhibit a marked increase in photosensitivity as compared 
with the original tubes. 

During the evolution of image orthicon tubes, two separate types were 
developed with the spectral characteristics of curve C. 1 One of these, 

1 R. B. Janes, R. E. Johnson, and R. C. Moore, Development and Performance of 
Television Camera Tubes, RCA Rev., Vol. 10, No. 2, pp. 191-223, June, 1949. 
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ihe type 5655, was a tube having a very close target-mesh spacing (less 
than 0.0004 in.), designed particularly for studio-camera application. In 
this way, an improvement in signal-to-noise ratio was obtained at the 
expense of sensitivity and contrast ratio. This is a worthwhile exchange 
where lighting conditions can be controlled and picture quality is of pri¬ 
mary importance. 

The other type, known as the 5769, was a wider-spaced tube, which 
preserved most of the sensitivity and contrast ratio of the original tube 
while having the more desirable spectral response. This tube had wider 
application for outdoor or other remote pickups where a wide range of 
lighting conditions had to be accommodated. 



Pig. 4-|8. Over-all transfer characteristics of contemporary imago orthicons. 

More recent tubes' have still further improved photocat bodes, which 
result in the performance of curve J) of Fig. 4-17, with sensitivities several 
times those of previous tubes. One of these is the typo 5820, which is 
intended primarily for outdoor pickups and has the over-all transfer 
characteristic of Fig. 4-18. The other, the type 5826, intended pri¬ 
marily for studio use, requires a greater highlight illumination but has an 
improved signal-to-noise ratio. 

The approximate signal-to-noise ratio, measured as the ratio of the 
peak-to-pcak highlight video signal current to the rms noise current in 
the output, is approximately 70 for the 5820 and 35 for the 5820. From 
the knee of the curves of Fig. 4-18, the highlight illumination for maxi¬ 
mum output for the 5826 is 0.04 ft-candle; for the 5820, 0.01 ft-candle. 

Imago orthicon tubes have maximum resolution capabilities on the 

* It. B. Janes, H. E. Johnson, and It. It. Handel, A New Image Orthicon, RCA Rev., 
Vol. 10, No. 4, pp. 586-592, December, 1949. 
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order of 800 lines. A typical image orthicon and its associated control 
circuits are shown in Fig. 4-19. 

4-9. Electron-beam Noise Reduction and the Image Isocon. The 
signal-to-noise ratio obtainable from the image orthicon tube is limited 
by statistical fluctuations (random noise) in the primary electron-beam 
current itself. Since the useful signal current is represented by the dif¬ 
ference between the primary-beam current and the rate at which charges 
are deposited on the target, and since more charge is deposited for more 



circuits. 

brightly illuminated areas, more return-beam current flows in the less 
brightly illuminated portions of the scene. This means that the effec¬ 
tive signal-to-noise ratio as limited by noise in the beam current is less 
for lower amounts of illumination. As one means of improving the low- 
signal-level signal-to-noise ratio, attempts have been made to reverse the 
polarity output of the image orthicon. The result of one of these 
attempts is an experimental tube known as the image isocon. 1 This 

1 P. K. Weimer, The Image Isocon—An Experimental Television Pickup Tube 
Based on the Scattering of Low Velocity Electrons, RCA Rev., Vol. 10, No. 3, pp. 366- 
386, September, 1949. 
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device brings into consideration the process of secondary emission as 
associated with target seanmng. 

If the target is at zero potential, all the primal-beam current is 
returned over the same path from which it came. If the target is posi¬ 
tive, there are electrons scattered from the surface in all random direc¬ 
tions. These scattered electrons are, in part, produced by secondary 
emission, and their numbers are roughly proportional to target potential 
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Fig. 4-20. Scattering of rpturn-heum electrons in image orthicon. 

and, therefore, to illumination. If the scattered electrons, rather than 
the main body of the return beam, are collected by the electron multi¬ 
plier, a signal output is obtained in which highlights correspond to 
greatest return-beam current and produce the greatest output to the 
electron multiplier. 

In the image orthicon, the body of the electron beam may have elec¬ 
trons describing all the paths shown in Fig. 4-20a. The return beam has 
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Fio. 4-21. Separation of scattered electrons from main body of return beam. 

electrons also in some of these paths. If this return beam contains seat 
tered electrons, such electrons are not distinguishable from the normally 
refler ted electrons, unless some of them have greater divergence from the 
norma! than the maximum represented by the return beam as shown in 
Fig. 4-20/,. However, if additional helical motion is added to the nri 
mary beam, it is possible to separate the normal reflected beam from the 
scattered beam at the plane E, as shown in Fife 4-21 The j 
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beam can then be collected and applied to the electron multiplier as 

shown in Fig. 4-22. . 

The image isocon type of operation produces a better signal-to-noise 

ratio than the image orthicon, but it has not been possible to match the 
resolution capabilities of the latter. 

4-10. Photoconductive Pickup Tubes and the Vidicon. Although the 
light sensitivity of photoconductive cells is known to be generally much 
greater than that of photoemissive 
cells, the practical difficulty of pro¬ 
ducing satisfactory photoconductive 
surfaces of sufficient uniformity and 
freedom from recovery time lag has, 
for many years, prevented this prin- 
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ciple from being used for satisfactory pickup tubes. The difficulties have 
now been largely overcome, 1 and practical pickup tubes have been devel¬ 
oped which show definite promise 2 for most applications. Photoconduc¬ 
tive targets having sensitivities greater than 1,000 /xa/lumen have been 
developed, with the possible resolution limited only by the electron optics 
of the scanning beam. The principle by which a video signal is produced 
from a photoconductive surface is illustrated by Fig. 4-23. A low-veloc¬ 
ity scanning beam strikes one side of the surface, the other side of which 
receives illumination through a transparent signal plate from which the 
video signal is taken. If the surface is scanned in darkness, electrons 
deposited from the scanning beam reduce the potential to zero (cathode 
potential). The conductivity becomes so low under these conditions that 
very little current flows across the surface. If the surface is illuminated, 
the conductivity increases and charge flows across the surface, and the 
scanned surface becomes more and more positive in the interval between 


i Several papers dealing with photoconductivity in various materials published in a 
single journal are as follows: A. Rose, Photoconductivity in Insulators; P. K. Weimer. 
and D. Danforth, Photoconductivity in Amorphous Selenium; S. V. Forgue, R. R. 
Goodrich, and A. D. Cope, Properties of Some Photoconductors, Principally Anti¬ 
mony Trisulfide; R. \V. Smith, Some Aspects of the Photoconductivity of Cadmium 
Sulfide; A. Rose, An Outline of Some Photoconductive Processes. RCA Rev., Vol. 12, 
No. 3, Part 1, September, 1951. 

1 P. K. Weimer, Stanley V. Forgue, and R. R. Goodrich, The Vidicon Photoconduc¬ 
tive Camera Tube, Electronics, Vol. 23, No. 5, pp. 70—73, May, 1950. 
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successive scans. The beam then deposits sufficient numbers of elec¬ 
trons to neutralize the accumulated charge, thereby generating the video 
signal. Because of the increase in sensitivity of the photoconductive sur¬ 
face, it has been possible to build a practical tube which eliminates the 
entire image section of the image orthicon as well as the electron multi¬ 
plier. This tube, known as the vidicon, 1 is shown in Fig. 4-24, in cross 
secti6n. The electron gun and the scanning section are essentially the 
same as in the image orthicon, except that the photosurface is scanned 
directly and the return beam is not utilized. The picture signal is con¬ 
stituted entirely by the neutralizing charge deposited on the photocon¬ 
ductive surface by the electron beam. The vidicon principle reduces 
pickup tubes almost to their basic elements and will undoubtedly find 
wide application in the future in perhaps modified form when the remain¬ 
ing problems associated with the present tubes are solved. 
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Pig. 4-21. Basic principle* of the vidicon. 

4-11 Aperture Scanning by Electron Images and the Image Dissector. 
It was shown in the discussion of the image section of the image orthicon 
that the electrons emitted from a photocathode could be focused by moans 
of a longitudinal-focus field upon a target as an electron mage of the 
original image. In an earlier type of pickup tul.e known as the image 
dissector, a this principle was utilised. In addition deflection coils were 
used in such a way that the electron image was used to scan a shield with 
an aperture in the center as shown in Fig. 4-25. As the electron image 
moved across the surface of the shield, successive portions of the electron 
beam moved across the aperture. This resulted in a variable current to 
the signal collector. In its original form, the sensitivity was quite low 

■ Characteristics of vidicon. with various types of photolaycr. with consequently 
different spectral characteristics are given by U. II. Vnc, It. B. Janes, and F. 8. Vo.th 
Performance of the Vidicon, a Small Developmental Television Camera lube, RCA 

/tec., Vol. 13, No. 1, pp. 3-10, March, 1952. 

* 1 > T FarnBworth, Television by Electron Image Scanning, J. tranktin Inst., 

Vol. 218, pp. 411-444, October. 1934. 
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Magnetic focus coil 


Dellection coils | 



Collector 


Fig. 4-25. Principle of the image dissector. 


inasmuch as advantage could not be taken of the storage characteristic 
bf the other tubes. However, when it was used in connection with an 



(a) Typical video signal 





(d) Effect when video signal is reduced 
Fig. 4-26. Illustration of random fluc¬ 
tuations in video signal. 


electron multiplier, very acceptable 
images could be obtained under con¬ 
ditions of high illumination. Mod¬ 
ern versions of the image dissector find 
a limited use, but the inherent limit 
on sensitivity has precluded their em¬ 
ployment for most applications. 

4-12. Signal-to-noise Ratio of 
Pickup Tubes and Coupling Circuits. 
A video signal from an ideal pickup 
tube may be represented by some 
time function as shown in Fig. 4-26o. 
If, however, completely random fluc¬ 
tuations as shown in Fig. 4-26b are 
present in the output of the device, 
the complete signal becomes that of 
Fig. 4-26c. If the output signal is 
decreased while the fluctuations re¬ 
main at constant amplitude, the re¬ 
sult is that of Fig. 4-26d. These ran¬ 
dom fluctuations are termed noise, or 
random noise. If the fluctuations are 
applied to the input ol a noise-free 
amplifier having a constant gain G 
over an incremental bandwidth df 
and zero gain outside the limits of df, 
the rms value of the noise over the 
bandwidth df may be measured. If 
the bandwidth remains constant but 


its position in the spectrum is changed, that is, if df is taken about dif¬ 
ferent center frequencies, and the measured noise at the output remains 
the same, the noise may be thought of as being nui^rmlv distributed 
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throughout the spectrum. This type of distribution is termed fiat chan¬ 
nel noise. If, however, the position of (If is changed and the noise meas¬ 
ured over the bandwidth df increases in proportion to the increase in 
center frequency, it is termed -peaked, channel noise. 

The visibility effect, in the final viewing system, of noise in the video 
signal is to superimpose brightness fluctuations upon the fine detail of the 
reproduced image. This addition acts in such a manner as to obscure the 
fine detail in the image itself. The noise components may have such 
high amplitude in comparison with the signal as to mask completely the 
signal. The ratio of the signal voltage (or current) at peak highlight 
brightness to the rms value of the noise (voltage or current) is usually 
referred to as the signal-to-noise ratio S/N of the system. 

Peaked channel noise in the video system can be tolerated to a much 
greater extent than can flat channel noise having the same rms value. 
This results from the finer grain structure due to the fact that more of 
the frequency components of the noise are h-f components. A given 
amount of peaked channel noise may act only to obscure the fine detail, 
and its effect may be decreased with an increased viewing distance, 
whereas the same amount of flat channel noise may completely mask the 
desired signal because of the relatively coarse grain structure of the noise. 

If the noise is flat channel noise, its rms value will be proportional to 
bandwidth and may be decreased by limiting the bandwidth of the trans¬ 
mission channel. In view of this bandwidth dependence, there is little 
value in increasing the bandwidth of a system having a poor signal-to-noise 
ratio, because the increase in resolution possible with the extended band¬ 
width would be completely obscured by the increase in accompanying noise. 

If random noise were nonexistent, either in the pickup device itself or 
in the early stages of the video amplifying system, low sensitivity of 
pickup devices would present no problem because the gai 11 of the ampli¬ 
fiers could be increased to compensate for it. The basic problem, where 
noise exists, is to give the entire system (including pickup tube) a suffi¬ 
ciently high signal-to-noise ratio to result in negligible impairment of pic¬ 
ture quality. 

4-13. Sources of Random Noise in Pickup Tubes and Associated 
Circuits. Among the important characteristics of the video signal is its 
signal-to-noise ratio; therefore, it is important that pickup tubes be eval¬ 
uated in terms of this quantity. In pickup tubes, output circuits, and 
vacuum-tube amplifiers, there are various sources of random noise 1 each 
of which makes a contribution to the over-all visibility effect. 


1 An extensive treatment of the general aspects of random noise, its sources and 
underlying theory will be found in S. Goldman, “Frequency Analysis, Modulation, 
and Noise,” Chaps, ti !), McGraw-Hill Book Company, Inc., New York, 1948. This 
work includes reference to the original publications of Schottky, Johnson, Nyquiat 
and olhcra. 
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Random Noise in Thermionic Emission. The emission current from a 
thermionic cathode may be measured as the average rate of electrons 
leaving the cathode. However, the rate of electron emission is not steady 
but contains fluctuations of a completely random nature. Therefore, 
instead of a completely uniform stream of electrons striking a target or 
mosaic, the random nature causes fluctuations in the resultant signal in 
accordance with the fluctuations in beam current. 

If all the electrons emitted from a cathode reached the mosaic or 
target (temperature-limited current), the rms value of noise current in 
the beam would be 

In = y/2eTKf (4-9) 

where e is the charge on the electron in coulombs, I is the average elec¬ 
tron current in the beam in amperes, and A/ is the over-all bandwidth of 
the transmission channel in cycles per second. Where space-charge 
effects are present, such as is the case if a grid with a negative potential 
is in the vicinity of the cathode and in the path of the electron beam, the 
noise current is considerably reduced and is given by 

In 2 = T 2 2el A/ (4-10) 

where T 2 is a constant having a value less than unity The electrons 
reaching the collector are drawn from the space-charge cloud and there¬ 
fore are less dependent upon individual emission fluctuations. The noise 
current in the final electron beam may also be a function of whatever 
limiting apertures are in the system. If the degree of randomness were 
the same throughout the cross section of the scanning beam, the random 
fluctuations per unit area would remain unchanged. This is substan¬ 
tially the case. 

Noise in the Process of Photoemission and Redistribution. Random 
fluctuations are produced in collector current by the process of photo¬ 
emission in the same manner that they are in anode current resulting 
from primary scanning beams with temperature-limited emission, pro¬ 
vided, of course, that saturated photoemission is collected. If this is not 
the situation (as in the case of the iconoscope with its redistribution 
phenomena) space-charge effects result in modification of Eq. (4-9) to 
the form of Eq. (4-10). 

Secondary-emission Noise. Secondary emission from any surface pro¬ 
duces random noise in the same proportion that it is produced by tem¬ 
perature-limited thermionic emission or by photoemission. The random- 
noise component is 

In 2 - 2 el. A f (4-11) 

where /, is the average value of the secondary emitted current. 

It is in connection with secondary-emission noise that it is important 
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to consider the action of the electron multiplier. Consider the case in 
which a source of current /, having a random-noise component (2 el A/)>*, 
is applied to the first stage of an electron multiplier of n stages, each hav¬ 
ing a secondary-emission ratio (gain per stage) G. The output noise cur¬ 
rent is given by 

G n (G n+1 - 1) 


/„ 2 = 2 el A f 


whereas the signal output is given by 


G - 1 


(4-12 


lo = G'l 


(4-13) 


From the two above equations and the known input signal-to-noise 
ratio, the output signal-to-noise ratio relative to the input signal-to-noiso 
ratio is found to be 


(4-14) 




Fics. 1-27. K(|iiivnl«'nt circuits for 

random-noi.sr sources. 


OsyA'U, _ lG'-(G - 1) 

(S/N),„ V G' + > - 1 

If the gain per stage is high, this 
quantity approaches unity, indicating . , 

that the electron multiplier has only = Hd ( 

small influence on signal-to-noise ratio. 

This result is important, since it indi¬ 
cates the value of the electron multi¬ 
plier as a gain-producing device when’ signal-to-noise ratio is important. 

Thermal Noise of Resistors. The signal voltage from a pickup tube is 
developed as a result of the output signal current flowing through a load 
resistance. If the resistance were free from noise, the m4.se voltage in. 
proportion to signal voltage would be the same as noise current in pro* 
Portion to signal current. However, in addition, there is always a noise 
voltage known as thermal-agitation noise, or thermal noise, developed 
across any resistive component of impedance. This noise component is 
due entirely to the random nature of the motion of free electrons ip a 
conductor and is independent of the material of which the conductor is 
composed. The random current in a pure resistance generates the noise 
voltage whose mean-square value is given by 


E,f - 4.VV //’ K ilf 

J/i 


(4-15) 


where T is the absolute temperature in degrees Kelvin, /. is Boltzmann’s 
constant, 1.374 X 10~ 23 joule/°K, U is the resistance from which the 
noise produced, and /i and f 2 are the frequency limits of the transmis¬ 
sion channel over which the noise is evaluated. 

This noise voltage may he represented, as shown in Fig. 4-27, by A volt¬ 
age generator E„ in series with a noise-free resistance or as a noise current 
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generator of L = S./R supplying current to the terminals of the noise- 
free resistance R. If R is not a function of frequency, Eq. (4-15) is 


= 4 kTR A/ (4-16) 

where Af — fi — /i- 

Amplifier-tube Noise. Vacuum-tube amplifiers operating under con¬ 
ditions of space-charge-limited current are subject to the space-charge 
reduced shot effect resulting from statistical fluctuations in cathode emis¬ 
sion. This noise is expressed by Eq. (4-10). The amount of fluctuation 
noise depends upon the tube structure and the operating conditions and 

is greater for a multigrid tube than 
for a triode. It is convenient to con¬ 
sider the noise generated in the emis¬ 
sion current to be equivalent to the 
noise generated in a resistance in the 
grid circuit as shown in Fig. 4-28. 
The thermal noise generated in this 



Fio. 4-28. Representation of tube 
noise by equivalent thermal noise. 


fictitious resistance is amplified by the action of the tube in the same 
manner as the useful signal. In the case of the triode, the equivalent 

noise resistance is given approximately by 1 


R = — ohms (4-17) 

' Qtn 


where is the transconductance of the tube in mhos. In the case of 
the pentode, the equivalent noise resistance is considerably higher and 
is given by the approximate relation 


_ I h 20/eA 

* q lb + \g m 9m 1 ) 


(4-18) 


where I h is the average plate current and /„ is the average screen-grid 
current. The calculated equivalent noise resistance of a few typical 
tubes under assumed nominal values of operating currents is given in 

Table 4-1. 

4-14. Sigual-to-noise Ratio of Output Coupling Circuit of Pickup 
Tube. The output coupling circuit for a pickup tube, including the first 
amplifier stage and its equivalent noise voltage, is shown in Fig. 4-29. 
The load resistance to which the output signal is applied is R. The sig¬ 
nal current 7, is the signal from the pickup tube, with its component of 
iloise current J„i. The shunting capacitance C is the total unavoidable 
capacitance in the circuit and includes the output capacitance of the 
pickup tube, the input capacitance of the first amplifier tube, and the 
total stray wiring distributed capacitance. The effect of this shunting 

i yf. A. Harris, Fluctuations in Rpace-charge-limited Currents at Moderately High 
Frequencies, Part V, RCA Rev., pp. 606-524, April, 1941. 
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TABLE 4-1 

EQUIVALENT NOISE RESISTANCE OF VARIOUS TUBES 


Tube type 

Qm 

r. q 

6AK5 used as triode.. 

G, 670 

375 

6F4 triode. i 

5.800 

430 

417A triode (Western Electric).! 

24,000 

<J0 


12,000 

210 

GBQ7 triode (each section). 

G, 000 

41G 


2,200 

1,140 

OAKS pentode.. . . . 

5,000 

1.880 

6AS0 pentode. 

3.500 

4,170 

6AG5 pentode. 

5,000 

1,640 

43GA pentode (Western Electric). 

28,000 

210 

1 


capacitance is to lower the impedance at higher frequencies, which results 
in reduced amplification of the h-f components of the signal 

There are three noise sources present, noise in the signal current, ther¬ 
mal noise in the output coupling resistor, and amplifier-tube noise as 
obtained from the equivalent noise resistance R eq . The effect of all noise 
sources at the output of the amplifier may be considered separately. The 
total rms noise at the output is the square root of the sum of the squares 
of the individual noise components. 


Amplifier 
with gain G 


Fi<i. 4-2‘J. Noise sources in pick up-tube output circuits. 

Component of Noise Due to Thermal Noise of Coupling Resistor. If R 
is sufficiently low so that the effect of C may be neglected over the fre¬ 
quency range of interest, the signal-to-noise ratio at the grid of the ampli¬ 
fier is given by 
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forge as possible where pickup tubes having a relatively low signal-cur* 
rent output, such as the iconoscope, are used. - *. 

When R is made sufficiently large so that its thermal noise does not 
become the limiting factor in the system, the shunting capacitance must 
usually be considered. For this condition, the signal voltage at the grid 
is given by ' 

E. = (4-21) 


y/\ + u'R'C 1 


and the noise voltage at the grid due to the thermal noise of R found 
from consideration of Fig. 4-29 is 


**•' = ikT r r+^W’ df (i - 22) 

If this noise is now applied to an amplifier with gain G , which may be a 
function of frequency, the noise voltage at the output is 


*■«* = ikT I'’ G2 * (4 - 23) 

The signal voltage at the input to the amplifier as a function of fre¬ 
quency as represented by Eq. (4-21) is shown in Fig. 4-30o. It is desir¬ 
able that the gain of the amplifier be made an increasing function of fre¬ 
quency such that the over-all response is uniform over the bandwidth 
desired. This function ideally should be 

G = Co Vl + (4-24) 

where Go is the 1-f gain. This response is shown in Fig. 4-306. The 
over-all response over the desired bandwidth is given by the product of 
Eq. (4-21) and Eq. (4-24). This product is 

E.o = #/.(?o]£ (4-25) 


The output noise voltage is found by substituting Eq. (4-24) into Eq. 
(4-23) and evaluating the integral. The result is 


E„ 20 = Go a/4 kTR Af 


(4-26) 


The output signal-to-noise ratio obtained by dividing Eq. (4-25) by 
Eq. (4-26) is 

B/ * - (4-27, 


which may be written as 


En 20 V-lkTR Af 


Eg o _ \/~R 

En *0 “ 


A 


(4-28-) 
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This equation is identical with Eq. (4-20) and shows that if a properly 
compensated amplifier is used, the output signal-to-noise ratio is not 
affected by the frequency response characteristic of the coupling circuit. 

Noise Resulting from Shot Noise of First Amplifier Tube. The equiva¬ 
lent grid-circuit noise resulting from shot noise in the first amplifier 
tube is 

JW = AkTR tq Af (1-29) 

and at the output of the compensated amplifier having the gain charac- 



(a) Response of output coupling circuit 



(6) Characteristic of compensating amplifier 



(c) Combined response 

Fia. 4-30. Compensation for frequency characteristic of output circuit of pickup tube, 
teristic of Eq. (4-24) is found from 


to be 


2?n«o l = AkTR^fit? (I -f cu 2 /? 2 C 2 ) df 

f :„, = vwt G'o yjR. v Af + mwh., (a/) 


0-30) 


0-31) 


This noise is a peaked channel noise and can be tolerated to a much 
grea-.er extent than can an equivalent rms value of the original shot noise 
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The signal-to-noise ratio obtained from dividing Eq. (4-25) by Eq. 


(4-31) is 


E„ 


E 


RI. 


n30 


Since 


Eq. (4-32) reduces to 


___ . 4T 2 C 2 fl 2 #e, /Ar , 

y/AlcT yjRcq A/ H-3 (Af) 

4k*C*R*Rj, (yy » Rtq A f 


(4-32) 


3 


E, o _ _ 

Wnio ~ frrC/y/S) VkTRJAf) i 


(4-33) 


In the limiting case, where tube noise is predominant, the signal-to- 
noise ratio as a function of bandwidth from Eq. (4-33) for various values 
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Flu. 4-31. Noise as a function of frequency resulting from amplifier-tube no.se only. 

of R„ is shown in Fig. 4-31. The signal-to-noise ratios obtained from 

these curves are peaked channel values. 

Noise Resulting from Input-current (Signal-current) Norse. If the noise 

current into the coupling network from the pickup tube is flat channel 

noise, the resulting noise voltage at the grid of the first amplifier tube 

Jm ! R ! 




/. 


+ U 'R 2 C 2 


df 


(4-34) 


where 


J , _ /nl 2 

Jnl ‘" 17 
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and at the output of the compensated amplifier with gain 


G = Go \/l + 


is 


jfc’nlO = Ini RG 0 


The signal-to-noise ratio is 


E.o 

E„io 


hi 


(4-35) 


(4-30) 


and appears at the output in the same ratio as the signal-to-noise ratio 
of the signal current going into the input coupling circuit. 

Combined Effect of All Noise Sources at the Amplifier Input. 4'he rms 
value of the total noise at the output of an amplifier resulting from the 
combined effect of the noise sources shown in Fig. 4-29 is 

E„l, = V EnlO 2 + En20 2 + E„:< 0 2 (4-37) 

Combination of Eqs. (4-20), (4-31), and (4-35) in the manner indicated 
by the above equation yields 


= G a -\j I -.I 


2 /? 2 + 4kT (R + R, q ) A/ + 


and the over-all signal-to-noise ratio is 


,[ 


4 t rHr-R'R,,, 


3 


! (a/j 


(4-38) 


E. o 

f: 


HI. 




2 /e 2 + 4 kT 


(R + If,) A/ + 


AnHr-ICIf, 

3 


(A/) 


3 


(4-39) 


which may be written as 

E .o _ 

m m am ~ 11 

/. 

2 + 4k 


I. 


EnO 


4 ir'-c-jf 


yjhi 2 + 4kT R + /{ Rrq A/ -|- (A/) 3 


== (4-40) 


3 


If the noise in the signal current from the pickup tube is negligible, 
the signal-to-noise ratio reduces to 



(4-41) 


This equation shows that the signal-to-noise ratio increases with R. Fig¬ 
ure 4-32 shows a plot of {\ / 1 .)(E.„/ E n „) vs. R for a fixed bandwidth and 
for various values of If,. The curves all tend to approach a maximum, 
where the tube noise becomes the limiting factor in the signal-to-noise 
ratio. In practice, It should be chosen sufficiently high so that its con¬ 
tribution to noise is small compared with that resulting from shot noise, 
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but no higher than necessary because of difficulties of h-f compensation 
in the amplifiers. 

If the sensitivity of the pickup tube is high, the output can be made 
to be well above the amplifier-tube-noise and resistor-noise level. Exam- 



Fia. 4-32. Signal-to-noise ratio aa a function of R for negligible input-current noise 
ination of Eq. (4-39) shows that this will be the case when 

i;-R' » 4 kT [ (ft + ft.,) A 1 + (A/)> j (4-42) 

The maximum possible limit on signal-to-noise ratio occurs when 


(R + R,„) Af « 


4t t'C'R'R., 
3 



In this case, Eq. (4-39) reduces to 


__ _ I» _ 

En ° yjl nl * + 4kT 


(4-43) 


Thus, in the region where amplifier-tube noise is likely to be comparable 
with input-current noise, the output signal-to-noise ratio is given by Eq. 
(4-43). 

4-16. Signal-to-noise Ratios Obtainable with Useful Pickup Tubes. 

The maximum possible signal-to-noise ratio may be limited by the out- 
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put coupling and the first amplifier tube for low-sens.tiy.ty p.csup tubes 
such as the iconoscope. For pickup tubes havmg a relat.yely high sen¬ 
sitivity, such as the image ortl.icon, the limitation .s most likely to be m 
the pickup tube itself. The factors influencing sigaal-to-no.se rat.o for 
various types of pickup tubes will be discussed as follows: 

The Iconoscope and Its Derivatives. The internal sources of no.se ... 
the iconoscope arc shot noise in the scanning beam shot noise in‘Second¬ 
ary emission from the mosaic, and shot no.se m photoem^on from the 
mosaic As far as photoemission is concerned, the effect of random fluc¬ 
tuations from a particular mosaic element is averaged over a frame 
period and as far as random fluctuations at a given instant are con¬ 
cerned' they arc averaged over the mosaic area. The net resultant no.se 
produced by photoemission is negligible in companson w.th that asso¬ 
ciated with the scanning process. 

The shot noise in the primary scanning beam is obtained from tq. 
(4-10) which includes the space-charge reduction factor. If the entire 
beam impinged on tne mosaic, having a secondary-emission ratio s the 
noh!e i'll the current leaving the mosaic due to this effective amplification 
added to the noise generated in the secondary-emission process itself ,s 


/,„* = 2c U A/d’.V + s) 


(4-44) 


where r, is the space-charge reduction factor in the scanning-beam cur¬ 
rent 7 Space charge in the vicinity of the mosaic causes the noise 

rent h ». »P ' .. t to he less than that leaving the mosaic by 

current reaching the collector ^ 

the amount of the space-charge reduction factor IV ihen, from Eq. 
(4-44), the noise in the collected current is 


/ n ,2 = 2c/b A/(IV*‘ + *)IY 


(4-45) 


The reduction in noise resulting from space charge is such as to bal¬ 
ance the increased noise resulting from secondary emission. The net 

result is that the approximation 


/a, 5 = 2 eh A/ 


(4-40) 


, . . . ., • • | in the cathode emission, represents about as 

which is the original noise mi* . „ . 

good an estimate as can be made of the noise at the collector. 

Consider an iconoscope opening with a normal value of beam curren 
of 0.2 *a with a highlight mosaic illumination of 1 ft-candle and that 
the bandwidth of the transmission channel ,« 4.5 Me. hrom Eq. (4-46) 
the collector noise current is /„ = 0.00054 pa. 1 he signal current found 
from Fig. 4-0 is 0.085 ^a. The signal-to-no.se rat.o is 

/, _ 0.085 
f 0.00054 

i n< 


= 156 
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Consider now the external circuit. If the load resistance R is made 
sufficiently large so that the amplifier-tube noise is the limiting factor, 
the signal-to-noise ratio at the output of a compensated amplifier is 
given by Eq. (4-33). With assumed values of R eq = 1,000 ohms, 
C = 20 ^xf, and T = 293°K, the calculated signal-to-noise ratio is from 

Eq. (4-33) 

= 30.2 

E n 30 

Values of R which will allow this condition to be approached may be 
found from Fig. 4-32. This figure for signal-to-noise ratio (30.2) is much 
less than that from the pickup tube itself (156) and, furthermore, is 
peaked channel noise as compared with flat channel noise from the 
pickup tube. A reasonable quality of picture could be obtained with 
such a peaked channel noise signal to as low as E t o/E n 3o = 10. This 
would correspond to a signal current of 0.28 /ia, which is obtained at an 
illumination of 0.35 ft-candles on the mosaic. This represents about the 
lowest value of illumination which is acceptable for good picture quality. 
The value of R, q = 1,000 ohms represented a figure somewhat better than 
can be obtained with most pentodes, but not as good as is obtainable with 
a triode. A triode is not suitable, however, as a conventional grounded 
cathode amplifier because of its relatively large effective input capaci¬ 
tance with the consequent increased difficulty in providing the proper 
compensation later. This situation will be discussed in Chap. 6, and 
special triode input circuits will be discussed in Chap. 10. These result 
in better signal-to-noise ratios than indicated in the above discussion. 
It will be shown in Chap. 15 that with sufficiently elaborate configura¬ 
tions and the use of low-noise triodes considerably improved perform¬ 
ance can result. 

Improvements can be made in signal-to-noise ratio by making use of 
the image iconoscope or the signal-multiplier iconoscope principle. In 
the former, the sensitivity is improved by the larger photosensitivity of 
the photocathode as compared with the mosaic; in the latter, the elec¬ 
tron multiplier can be used to increase the sensitivity to the point where 
amplifier-tube noise is no longer the limiting factor in signal-to-noise 
ratio. 

The Orthicon and Image Orlhicon. The orthicon represents some 
improvement in signal-to-noise ratio as compared with the iconoscope 
but has other undesirable operating characteristics. The image orthi¬ 
con, by making use of the photocathode and the electron multiplier, rep¬ 
resents a great increase in sensitivity. For example, consider the type 
5820 image orthicon operating at the knee of the curve of Fig. 4-18. 
With a highlight illumination of 0.01 ft-eandle, an output of 10 n& is 

produced. 
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In the image orthicon, noise is involved in the process of emission from 
the photocathode and in the process of secondary emission from the tar¬ 
get. These effects are averaged over a frame period and make a negli¬ 
gible contribution to the total noise. A much larger contribution is that 
involved in the scanning process which is due to tin* random noise in tin 
scanning beam. If the scanning beam were 100 p**r cent efficient, a 
the target charge would be converted to signal current by a maximum 
scanning-beam current equal to the desired rate of removal of target 
charge. However, because of random directions and striking velocities, 
all the beam electrons do not land at the target, and it requires a beam 
current of about three times the theoretically required amount. For the 
case of the type 5820 image orthicon operating at the knee of its sensi¬ 
tivity curve, the output current is 10 pa. If the multiplier gain is taken 
as 1,000, the signal at the target would be 0.01 pa. This would require 
a beam current of h = 0.03 pa. The noise current in such a beam over 
a 4.5-Mc bandwidth given by Kq. (4-9) is found to be I „ = 0.000208 pa. 
This gives a signal-to-noise ratio in the return beam of 


L 

in 


0.01 

0.000208 


= 18.2 


Any decrease in this value due to the electron multiplier is small because 
of the large gain. Therefore, the output signal-to-noise ratio is approxi¬ 
mated by the above figure. This value was obtained without consider¬ 
ing a space-charge reduction factor in the electron gun. For this reason, 
a somewhat better figure might lx? possible. However, the difficulty of 
maintaining the low value of beam current specified, together with other 
possible sources of noise which were not considered, leave this figure as a 
reasonably accurate value. 

The noise generated within the pickup tube is the limiting factor deter¬ 
mining signal-to-noise ratio. A value of li should be chosen such that 
the input coupling circuit produces negligible noise. For example, sup¬ 
pose a value of 10,000 ohms is chosen in a circuit with f = 20 ppf and 
= 1,000 ohms. The signal-to-noise ratio due to these sources alone 
as found from Fig. 4-32 is 

E. „ 




= /. X 250 
= 10 X 250 


or 2,500. This is seen to be very much larger than the values of 48.2 
found to result from tube-current noise. 

If a pickup tube were involved whose noise current were greater than 
this figure, it would still be possible to make E sufficiently large to offer 
negligible noise contribution; however, tin* amplifier-tube noise may not 
be negligible in all such cases. 
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4-16. Aperture Effects in Pickup Tubes. In common with all visual 
processes, the aperture response as a result of scanning-spot size and 
electron-density distribution results in a limitation on effective band¬ 
width of the system, as pointed out in Sec. 2-8. Thus, an iconoscope, 
although capable of resolving horizontal detail corresponding to l,bOO 
lines, will not give full response for such detail. Other pickup tubes are 
limited in a similar manner. Methods of improving the over-all detail 
of a system by correcting, in the video system, for the aperture response, 
will be discussed in Chap. 15. Since the h-f peaking which would be 
involved in such aperture correction processes increases the output noise 
of the system, the amount of aperture correction which can be used 
effectively is limited by the input noise, whether it be noise in the signal 
current from the pickup tube or shot noise in the first amplifier tube. 



CHAPTER 5 


VISUAL-DISPLAY TUBES 


6-1. The Cathode-ray Tube. The most useful device which malces 
possible the reproduction of television images from the amplified video 
signal produced by electron-beam scanning of a pickup tube is the cath¬ 
ode-ray tube. The cathode-ray tube contains an electron gun of one of 
the forms discussed in Chap. 3, which produces a beam of electrons used 
to scan a viewing screen composed of a luminescent material. The 
important characteristic of such a luminescent surface is that light is 
produced at the time of impact of the scanning beam and continues for 
a short time thereafter. The total amount of light depends upon the 
total current comprising the electron beam and the velocity of the beam 
at the time it strikes the surface. Therefore, if the surface is scanned 
by the electron beam in synchronism with the scanning process at the 
pickup tube, and if the electron-beam current is varied in accordance 
with the video signal produced by the pickup tube, brightness variations 
will be produced over the surface area in accordance with the brightness 
variations of the original scene. Although the picture information is 
used to reconstruct the image bit by bit, as a function of time, the proc¬ 
ess appears to the eye as being instantaneous if the complete picture- 
scanning interval is sufficiently short. The rate of transmission of suc¬ 
cessive images must be sufficiently fast so that no flicker is apparent to 
the eye and so that no discontinuity, or “ jerkiness,” appears in the repro¬ 
duction of moving scenes. Also, the luminous material should have a 
sufficiently fast decay characteristic so that no blurring will be noticed 


in moving scenes. 

Cathode-ray tubes expressly intended as television viewing tubes are 
known by various trade names such as “kinescopes” or “teletrons.” 

In addition to its use with intensity modulation as an image-viewing 
device, the cathode-ray tube finds its way into various parts of the tele¬ 
vision system as a signal-monitoring device used in the form of a cath¬ 
ode-ray oscilloscope to view the video signal on either a field-scanning or 
line-scanning time base. 

6-2. Cathode-ray-tube Phosphor Characteristics. The luminescent 
materials used for cathode-ray-tube viewing screens are generally 
referred to as pkvHphorn. These materials have the general characteris¬ 


tic of luminescence. 


This characteristic, in the case of the cathode-ray 
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tube, is known as cathode luminescence, which is defined as the luminous 
radiation which occurs both during and after excitation from an imping¬ 
ing beam of electrons originating from a thermionic emitting surface. 
Luminescence occurring during the excitation is referred to as fluores¬ 
cence, and that immediately after excitation is removed as phosphores¬ 
cence. The rate at which the phosphorescent-light output decreases after 


TABLE 5-1 

CATHODE-llAY-TUBE PHOSPHOR CHARACTERISTICS* 


RETMA 

No. 

1 

| 

Composition j 

I 

1 

■ 

Fluor¬ 

escence 

Phos¬ 

phor¬ 

escence 

Decay 
time to 

1soc 

Chief use 

p. 

ZnSiO«: Mn 

Green 

[ 

Green 

0.05 

Cathode-ray oscil¬ 
loscopes and 
rapid-scan radar 

p» 

ZnS:Cu(Ag) 

Blue- 

green 

Green 

0.3 

Long-persistence 

oscilloscopes 

p. 

ZxuBeSUOi*:Mn 

Yellow 

Yellow 

0.06 

Cathode-ray oscil¬ 
loscopes 

P« 

ZnS: Ag, 

ZnsBeSitO it: Mn 

White 

1 

White 

0.005 

Television 

Pi 

CaWOi: W 

Blue 

Blue 

4 X 10"» 

Oscillographic re¬ 
cording 

p. 

ZnS. CdS: Ar 

White 

White 

0.005 

Television 

Pt. Pi 

ZnS. ZnOdS 

Blue- 

white 

Yellow 


Radar displays 

P.i 

ZnS 

Blue 

Blue- 

green 

0.001 

Oscillographic 

Pit 

(Zn.Mfc)Ft 

Orange 

Orange 

0.5 

Radar applications 

Pm 

ZnS, ZnCdS 

Purple- 

white 

Orange 

1 


Slow-scan radar 
displays 

Pm 

| ZnO 

Blue- 

green 

Blue- 

green 


Flying-spot scan¬ 
ner 

P.i 

Silicate 

Violet 

Violet 

9 X 10 • 

Flying-spot scan¬ 
ner 


Remarks 


Most widely used for 
oscillographic work 

Largely superseded 
by double-layer 
screens (Pm,P») 

Not as efficient as Pi 

Used primarily as 
television picture 
tubes 
Low visual efficiency 
but applicable to 
recording of very 
fast transients 
Color-television ap¬ 
plications 

Used for low-speed 
transient observa¬ 
tions 

Higher visual effi¬ 
ciency than Pi 

Slightly shorter per¬ 
sistence than P 7 
Shortest persistence 
available 
Better spectral 
sponse than P 11 


re- 


* H. W. Lcverens. Luminescence and Tenebreacenoe a a Applied in Radar. RCA Rev.. Vol. 7. No. 2. 
pp. 199-239. June, 1940. Also, RETMA Screen Phosphors. Otcilloffropher, Vol. 12. No. 4. pp. 3-6. 
October, 1951; Allen U. Du Mont Laboratories; also, “ RCA Phosphors.” issued by RCA Tube Depart¬ 
ment. Table 5-1 is compiled from these sources. 


removal of excitation is the phosphor decay characteristic, or “persistence/’ 
The decay characteristic is generally approximately exponential of the 
form £““* or of the power-law form tr n or combinations of these forms. 

For applications as television picture tubes, the important character¬ 
istics of a phosphor are its luminous efficiency, its persistence, its spec¬ 
tral characteristic, and its speed of response. 

The underlying theories of cathode luminescence and chemical synthe- 
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sis of suitable phosphors have been widely discussed in the literature. 1 
Such phosphors are composed of an inorganic-base material in crystal¬ 
line form, as the sulfides and oxides of cadmium, zinc, manganese, and 
other similar materials, activated by such metals as silver, manganese, 
and chromium, which aid in increasing the light output of the base mate¬ 
rial under excitation. One of the most common screen materials has 
been willemite, which is composed of zinc orthosilicate activated with 
manganese. Willemite is generally used in synthetic form and produces 
the green radiation of medium persistence in the tubes commonly used in 
cathode-ray oscilloscopes. 

Screens whose luminous radiation is nearly white are generally com¬ 
pounds with a zinc sulfide base. These are efficient and have suitable 



Pk; 5 -|. Spectral response of various phosphors. 

persistence characteristics for television systems operating at as low as a 
30-cps picture-repetition rate. 

Other screens having much longer persistence are composed of a dou¬ 
ble-layer phosphor in which electron-beam excitation of a primary layer 
causes, in turn, excitation of a secondary layer having a much longer 
persistence, usually far in excess of the persistence of vision. 

A tabulation of typical characteristics of various phosphors is shown 
in Table 5-1. The P numbers are standard commercial designations for 
the various phosphor characteristics. The spectral responses of typical 
phosphors are shown in Fig. 5-1. Those designated as P< are commonly 

»H. W. Leverenz, Cathodc-luminescencc As Applied in Television, RCA liev., 
October, 1940. Included in this work is a very complete bibliography of papers on’ 
the general subject of luminescence. 

H. W. i/cvcrenz, Luminescence and Tenebrescence As Applied in Radar, RCA Rrv., 
Vol. 7, No. 2, pp. 199 2'19, June, 1916. A complete bibliography is included in this 

very detailed survey of phosphor characteristics. 
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used as screens in television picture tubes, P, for general oscilloscope 
work, P u for recording of fast transients, and the Pi 6 or Pi« as a light 

source in the flying-spot scanner devices. 

6-3. Processes in Cathode Luminescence. In general, the light out¬ 
put from a luminescent screen is proportional to the energy of the imping¬ 
ing beam electrons in the process of cathode luminescence and therefore 

increases with beam velocity. . e o 

The basic elements of a cathode-ray tube are shown m Fig. 5-2, witn 

the phosphor deposited on the inner surface of the glass faceplate. A 

conducting coating on the inside of the glass walls is maintained at the 

potential of the final accelerating anode. The electron beam, accelerated 

to a velocity corresponding to the potential E a , impinges on the screen ol 



Fig. 5-2. Charging mechanism at cathode-ray-tube Bcreen. 


luminescent material, which is insulated from any other surfaces. If 
there were no secondary emission from the phosphor, the screen would 
accumulate negative charge from the scanning beam until it reached cath¬ 
ode potential. This would represent the equilibrium condition, and no 
more electrons would land. This is the same mechanism which occurs 

in the orthicon type of pickup tube. 

However, luminescent materials under proper conditions have a sec¬ 
ondary-emission ratio greater than unity, so that the screen charges posi¬ 
tively as a result of electron bombardment. If the secondary-emission 
ratio is greater than unity, the screen will charge approximately to the 
accelerating potential applied to the tube and the light output will be 
dependent upon beam velocity. This mechanism may be described as 
follows: If the anode is at or near the potential of the screen, only a frac- 
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tion of the secondary electrons are collected, but when the anode is 
slightly more positive, all of them are collected. This is illustrated by 
Fig. 5-3. Since equilibrium of an element of the screen is reached when 


the number of electrons leaving is 
equal to the number arriving (when 
the anode current is equal to the 
beam current), the exact potential 
to which the screen charges depends 
tipon the secondary-emission ratio. 
In normal operation, the screen po¬ 
tential approaches the accelerating 
potential but never exceeds it. The 
secondary-emission ratio of any ma¬ 
terial increases with the primary 
beam velocity up to a certain point 
and then begins to decrease. This 
condition for a typical cathode-ray- 



Fi<j. 5-3. Number of secondary electrons 
collected at cathode-ray-tube screen as 
a function of potential difference between 
screen and collector. 


tube phosphor is illustrated by Fig. 

5-4. In the range ah, the screen functions normally, equilibrium being 
reached near anode potential. In the region below a, the screen will not 
charge, and the beam velocity at the striking point will be reduced. The 
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Fla. 5-4. Variation of secondary-emission ratio of cathode-ray-tube phosphor with 
accelerating potential of impinging beam. 


points beyond 6 represent the same situation. The point b is referred to 
a s the “sticking potential,” and it is not possible to increase the screen po¬ 
tential beyond this point since the secondary-emission ratio again drops to 
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Fiu. 5-5. Electrostatic cathode-ray tube, type 5BP1. (Courtesy of RCA.) 


less than unity. There is no value in a further increase in accelerating 
potential since the beam is merely decelerated to the sticking potential 

of the tube at the point of landing. 

The sticking potential of some cathode-ray-tube 
phosphors is in the neighborhood of 8 kv but may be 
as high as 12 or 15 kv for some of the phosphors used 
for television viewing tubes. Actually, the screen may 
assume a potential which is somewhat more positive 
than the actual sticking potential because of conduc¬ 
tivity across the surface and leakage resistance across 

the surface of the glass bulb. 

6-4. The Electrostatic Cathode-ray Tube. The 
electrostatic cathode-ray tube is that type of tube hav¬ 
ing a completely electrostatic deflection and focusing 
system. An example of this type of tube is shown in 
Fig. 5-5. A typical electron gun is shown in Fig. 5-6. 
The gun is usually the zero first-anode type discussed 
in Chap. 3. A cross-section sketch of an electrostatic 
tube is given in Fig. 5-7 with typical voltage-supply 
circuits. It is necessary to take certain precautions 
to minimize spot defocusing and distortion resulting 
from accelerating fields in the region of the deflection 
plates. This is done by placing the potential midway 
between each set of deflection plates at or near second- 
anode potential and using balanced or push-pull deflection (i.e., deflection 
is obtained by equal and opposite potentials applied to each of the pair 



Fig. 5-li. Typical 
electron gun for 
electrostatic tube. 


of deflection plates). 

The deflection resulting from voltages applied to a pair of deflection 
plates, as shown in Chap. 3, can be made to be 
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(5-1) 


where k is a constant depending upon the geometry of the system, E. is 
the accelerating potential, and E d is the potential difference between 
deflection plates The deflection is directly proportional to deflection 
potential and inversely proportional to accelerating potential. There¬ 
fore if the acceleration potential is increased in order to increase the 
brightness of the trace, the deflection voltage must be increased propor¬ 
tionately in order to obtain the same deflection. The loss m deflection 
with higher accelerating voltages may be compensated for m part by 
allowing part of the total beam acceleration to take place after it has 



been deflected 1 If the beam is exposed to an accelerating field after it 
has been deflected, and if the equipotential lines of such accelerating 
field are everywhere perpendicular to the direction of velocity of the elec¬ 
tron beam, further changes in deflection angle w,l not, of course, take 
place and the deflection will still be the same as it would have been if 
this postdeflection acceleration had not been used. If the equipotentia 
lines are perpendicular to the central axis of the tube, then only the axial 
component of electron velocity is increased by the acceleration field and 
the deflection will be less but still greater than it would have been if the 
entire accelerating field had been applied before beam deflection. An 
illustration of the principle of postdeflection acceleration is given in Fig. 
5-8. The third-anode, or postdeflection, accelerator is sometimes referred 

to as the inlens ifier. 

i J. R. Pierce, After Acceleration and Deflection, Proc. IRE, Vol. 29, No. 1, p. Ill, 
January, 1941. 
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If the potential of the intensifier is too much greater than that of the 
second anode (approximately more than a factor of 2), serious spot 
defocusing and distortion result. These can be eliminated by arrang¬ 
ing the potentials following deflection in bands of increasing potential 
along the wall of the tube as shown in Fig. 5-9. 1 A tube of this type is 




Fio. 5-8. Postdeflection acceleration. Fio. 5-9. Improvement of postdeflection ac¬ 
celeration for high intensifier potentials. 

shown in Fig. 5-10. With such a tube, deflection sensitivities of several 
times those possible without postacceleration are possible for a given total 
beam voltage. These multiband tubes are practical only for rela¬ 
tively small screen areas and are not particularly applicable for use as 
television image-viewing tubes, the use being confined primarily to spe¬ 
cial types of cathode-ray oscilloscopes. 



Fig. 5-10. Multiband cathode-ray tube, type 5RPA. (Courtesy of Allen B. DuMont 
Laboratories.) 

Because of deflection sensitivity and spot-defocusing problems, electro¬ 
static tubes are not widely used as television picture tubes except for 
small-screen applications. They are, however, used as waveform display 
tubes for monitoring purposes in various parts of the system. 

1 P. S. Chriataldi, Cathode Ray Tubes and Thejr Applications, Proc. IRE, Vol. 33, 
No. 6, June, 1945. 

I. E. Lempert, and R. Feldt, The 5RP Multiband Tube: Ar. Intensifier Type 
Cathode Ray Tube for High Voltage Operation, Proc. IRE, Vol. 34, No. 7, July, 1946. 
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A typical electrostatic picture tube is shown in Fig. 5-11, with impor¬ 
tant characteristics shown in Fig. 

5-12. This is a tube with a 7-in. 
screen diameter. 

6-6. The Magnetic-deflection 

Cathode-ray Tube. In the mag¬ 
netic-deflection cathode-ray tube, 
horizontal and vertical magnetic- 
field components produced by a pair 
of external deflection coils replace 
the horizontal- and vertical-deflec¬ 
tion plates in the electrostatic sys¬ 
tem. In this way, current flowing 
in the deflection coils is responsible 
for the deflection, which is given by 
the approximate equation 

D = k -L. (5-2) 


flUur 






This equation is derived in Chap. 3 
and is correct for small deflection 
angles if the magnetic-flux density 
is proportional to the current and is 

uniformly distributed in space in the 

region of deflection, or if the uind- , , 

ing configuration is such that the field distribution compensates for the 

nonlinearity of deflection with magnetic-field intensity for large deflec¬ 
tion angles and for the curvature of the face of the cathode-ray tube. 


Fig. 5-11. Type 7JP4 television electro¬ 
static picture tube. (Courtesy of RCA.) 



Fig. 5-12. Important characteristics of electrostatic picture tube, type 7JP4. 
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It is important to emphasize the fact expressed by Eqf (5-2), that the 
deflection is inversely proportional to the square root of the accelerating 
potential for a given deflection current, whereas in the electrostatic tube 
the deflection is inversely proportional to the lirst power of the acceler¬ 
ating potential for a given deflection voltage. Therefore, the relative 
increase in deflection current as the accelerating anode potential is 
increased in order to maintain a given deflection is less than the relative 
increase in deflection voltage in the electrostatic case. It is this rela¬ 
tionship which makes magnetic deflection more economical than electro¬ 
static deflection where high accelerating potentials are necessary for suffi¬ 
cient screen brightness as in the case for large-screen tubes. In general, 
there would be found to be an anode potential which might represent 
equal over-all efficiency of the two systems. 



Magnetically deflected cathode-ray tubes may be either electrostati¬ 
cally or magnetically focused. If magnetic focusing is used, it is possible 
that it be done by an electromagnet, by a permanent magnet, or by a 
combination of the two. 

Magnetic focusing, while requiring an external magnet or coil, results 
in a simpler gun design and is capable of somewhat sharper and more 
uniform focus than the electrostatic type, provided proper adjustments 
are made. The majority of picture tubes for a long period were both 
magnetically deflected and magnetically focused, except for those used 
with extremely high accelerating potentials, where the required magnetic- 
flux density of the focus field becomes very high. However, improve¬ 
ments in electrostatic electron guns have brought electrostatic-focus guns 
back into prominence. Such guns follow the principle of utilizing a focus 
electrode at or near cathode potential, as discussed in Chap. 3. This 
system is applicable particularly where the final accelerating potential is 
high. 
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In the magnetically focused tube, the magnetic-focus field replaces the 
second lens of the electrostatic system as shown in Fig. 5-13. 

6-6. Negative-ion Bombardment of Cathode-ray-tube Screens. Cer¬ 
tain deleterious effects occur at the screens of cathode-ray tubes of the 
magnetically deflected types, from bombardment of the phosphor by 
negative ions formed at or near the cathode. 1 These negative ions are 
generally formed by direct emission from the cathode, either by ejection 
from the cathode as a result of positive-ion bombardment or by the com¬ 
bination of electrons with gas molecules. These are predominately oxy¬ 
gen ions, but ions of other gases are sometimes produced. 

The effects of bombardment of the screen phosphor have been the 
subject of considerable study. 2 The negative ions, because of their rela¬ 
tively great mass, will be expected to be injurious to the screen material, 
the extent of damage depending upon the negative-ion current density in 

the electron beam. 

No similar problem exists in the electrostatically deflected cathode-ray 
tube. Examination of the deflection equations of Chap. 3 shows that 
the amount of deflection is independent of the mass of the particle, and 
therefore the few negative ions in the beam are deflected identically with 

the electrons. 

In the electrostatic-focus magnetic-deflected cathode-ray tube, the 
ions because of their mass, are not deflected by the deflection field; 
however, they are sharply focused by the electrostatic lens and are of 
such a concentration as to form gradually a small blemish, at the center 
of the screen, about the size of and in the same position as the unde¬ 
flected spot. This blemish may not be visible in the absence of excita¬ 
tion but shows up as a loss of luminescence at this small spot. 

In the case of both magnetic deflection and magnetic focusing, the 
ions are neither focused nor deflected and gradually cause a blemish, 
which has the area of the unfocused and undeflected spot, to appear. 
Because the ions are not concentrated in such a small area, the blemish 
is much slower to appear, usually becoming noticeable only after many 
hours of operation. 

The ion blemish is less prominent when tubes are operated at high 
screen potentials, although previous operation at low screen potentials 
will cause the blemish to appear even when high potentials are used later. 

6-7. Elimination of Ions from Electron Beam. It is possible to reduce 
the ion blemish by reducing the impurities in all parts of the tube struc¬ 
ture, including the phosphor material, or by proper application of a thin, 

i C. H. Bachman, and C. W. Carnahan, Negative Ion Components in the Cathode 
Ray Bearn, Proc. IRE, Vol. 26, No. 5, p. 529, May, 1938. 

* For a general discussion of the causes, effects, and cures of ion blemish, see R. N. 
Bowie, The Negative Ion Blemish in a Cathode Ray Tube and Its Elimination, Proc. 
IRE, Vol. 36, No. 12, December, 1948. An excellent bibliography is also given. 
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transparent conductive coating to the scanned side of the phosphor. 
This coating can be sufficiently thin so that it does not prevent the 
penetration to the phosphor of the fast-moving electrons but does pre¬ 
vent the heavier and slower-moving ions from penetrating. 

The complete elimination of the ion spot can best be assured by elim¬ 
inating the ions from the electron beam in the electron gun itself. This 
can be done by proper application of magnetic fields to the electron beam. 
Devices for removing ions from the beam are commonly known as “ion 
traps.” The most common forms of ion-trap electron guns are the 
“tilted-lens type” and the “tilted-gun type.” Both types require exter¬ 
nal magnetic fields. 

The tilted-lens type is illustrated in Fig. 5-14. This is a tetrode-type 
gun in which the slit between grid no. 2 and the anode is tilted as shown. 
This structure produces a component of electric field transverse to the 
axis of the gun. Both electrons and negative ions in the beam are equally 

deflected by this transverse field 


.Nonotiira 



Magnetic field 
directed away 
from observer 


tlectron 

paths 


(a) With single magnetic field 


and, if no external fields were pres¬ 
ent, would strike the anode as 
shown by the dotted paths. How¬ 
ever, if a transverse magnetic field is 
applied in the region near the slit, 


Ion beam 
A\ a paths 



Fio. 5-14. Action of the tilted-lens ion- Fig. 5-15. The tilted-gun ion-trap gun. 
trap electron gun. 


the electrons (but not the ions) are deflected back toward the axis as shown 
in Fig. 5-14a. Directing the beam back toward the axis so that it will 
emerge through the anode aperture causes it to be misdirected as shown 
and causes the spot cross section to be elliptical. This condition can be 
corrected by a second field, as shown in Fig. 5-146, which produces 
another bending field to redirect the electrons alortg the axis of the gun. 
Although the tilted-lens structure is sometimes used with a single mag¬ 
net, the double magnet produces superior results. 

The tilted-gun type of ion trap is illustrated in Fig. 5-15. In this 
case, the beam is directed from the cathode through the aperture in the 
second grid and would strike the anode as indicated if no external fields 
were present. A single magnetic field is, however, sufficient to redirect 
the electrons back to the axis and allow them to emerge in the axial direc- 
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tion without affecting the negative ions, which strike the anode. This 
type of ion-trap gun requires only a single magnet and produces a spot 
relatively free of distortion. 

6-8. Loss of Light Output Due to Internal and External Reflections. 

In a cathode-ray tube, two major sources of internal reflections tend to 
reduce the possible contrast range as indicated by Fig. 5-1G. 1 More than 
50 per cent of the light from the luminous phosphor is transmitted from 
the back surface internally into the tube. This light is diffused in all 
directions, some of it reaching other points on the screen directly, as a 
result of the curvature of the tube face, and some being reflected from 
the bulb walls. Reflected light from a luminous area of the phosphor 



Light from point O by 
direct transmission 


(outside) 



Light resulting from total 

internal reflections 


(inside) ^Luminescent 

screen 


(6) Reflections in glass face plate 
Fi<;. 5-16. Ixmw in contrast dm* to reflections. 

may thus reach the eye of the observer through other areas of the phos¬ 
phor which might otherwise be dark. The result ts an over-all reduction 

in contrast. . .. .. f 

The other effect is halation due to internal reflections in the glass face- 

plate for light diffused at an angle greater than the critical angle of the 

glass This effect gives a series of internal reflections which cause a 

bright spot to be surrounded by concentric bright rings. 

Internal reflection from the walls may be reduced by proper shaping 

of the walls and can be nearly eliminated if the inner-wall conducting 

coating at second-anode potential is a nonreflectmg black. However, 

this does not prevent the loss in efficiency due to internal transmission 

from the light-emitting phosphor. . 

Halation may be reduced markedly by including light-absorbing mate¬ 
rial (neutral gray filter) in the faceplate. This neutral filter has the 

IR. R. I,aw, Contrast in Kinescopes, I’rnc. Illh, August, 193D. 
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effect of eliminating reflections due to external illumination from both 
the inner and outer surfaces of the faceplate, as well as reducing hala¬ 
tion. It also results in a loss of light output for a given phosphor excita¬ 
tion, but the effective contrast range is improved. 

Reflections from external light sources may also be reduced by an etch¬ 
ing process applied to the outer surface of the glass faceplate and by a 
cylindrical rather than a spherical section as a faceplate configuration. 

5-9. Metal Film Backing of Picture-tube Screens. It has been found 
possible, by means of the thin metal film backing mentioned in Sec. 5-7, 
deposited on the scanned side of the phosphor, to reduce the internal 
light transmission from the phosphor surface. 1 This film is, in general, 
a very thin, smooth, continuous film of aluminum, evaporated on a thin 



Fxo. 5-17. Metal hacking of cathode-ray- Fig. 5-18. Screen efficiency vs. anode 
tube screens. voltage. 


coating of organic material stretched over the sulfide crystals comprising 
the phosphor. . ' ; ; ' . 

The aluminum coating i8 sufficiently thin so that primary electrons 
can penetrate it as shown in Fig. 5-17. Because it is a conducting coat¬ 
ing, held at beam potential in contact with the phosphor, thus holding 
the phosphor at beam potential, the problem of “sticking” is eliminated 
and high beam potentials may thus be fully utilized. Also, the problem 
of reflections is greatly reduced. Virtually all the internally directed 
light from the phosphor is now reflected from the aluminum coating, 
which increases the over-all efficiency of the screen. 

A representative curve of screen efficiency as a function of anode volt- ' 
age for both aluminized and nonaluminized tubes is shown in Fig. 5-18. 
At low voltages, the nonaluminized tube is more efficient because the 
beam electrons have difficulty in penetrating the metallic layer. At 

1 D. W. Epstein, and L. Pensak, Improved Cathode Ray Tubes with Metal-backod 
Luminescent Screens, RCA Rev., Vol. 7, No. 1, March, 1946. 
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very high voltages, the aluminized tube is far more efficient because of 
freedom from sticking and because of reduced reflections. The point of 
equal efficiency depends primarily upon the thickness of the metallic 
coating. 

Another effect of the metal backing is virtually to eliminate the ion- 
blemish problem, particularly in very-high-voltage tubes. Since the 
degree of penetration through the coating increases with the particle 
velocity and decreases with its mass, the heavier ions are greatly dis¬ 
criminated against. However, it is not certain that the ion blemish will 
always be eliminated in this manner, considering the entire life of the 
tube, particularly if the coating is very thin. 



6-10. Characteristics of Direct-view Picture Tubes. During tht 
development of the art of television broadcasting, the goals of picture 
tubes have been better contrast ratios, smaller spot size, uniformity of 
focus, a virtually flat viewing screen, and as large a viewing area as fea¬ 
sible, with the over-all length of tubes as short as possible. Prior to 
World War II, a direct-view tube with a screen diameter of 12 in. was 
considered a large tube, although larger ones had been built experimen¬ 
tally. A typical tube with an over-all screen diameter of 12 in. had an 
over-all length of about 25 in. 1 he maximum total deflection angle for 
full screen deflection was near 37°. With this small angle, a relatively 
long deflection field could be used without beam cutoff at the end of the 
field. Reasonably high deflection-current sensitivities could be obtained. 
Because of space considerations, the trend in recent years has been to 
shorten the tubes and increase the deflection angle. This has been made 
practical by the development of high-efficiency deflection circuits and 
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improved deflection and focus coils. Present-day magnetic picture tube* 
range from screen diameters of less than 10 in. up to as high as 30 in. 
Maximum deflection angles normally range from 50° and up to 90° as an 
upper limit. 

A typical small tube is the 10BP4 illustrated in Fig. 5-19. This has a 



Fio. 5-20. Cathode-ray picture tubes with metal cones. (Courtesy of RCA.) 



tilted-lens ion-trap gun and is both magnetically focused and magneti¬ 
cally deflected. Another tul>e in common use is the 12KP4, which has 
an aluminized backed screen and does not use an ion trap. Another ver¬ 
sion, the 12KP4A, is identical except that it incorporates the neutral 

gray faceplate light filter. A larger 
tube, the 15AP4 with 16-in. screen 
diameter, incorporates the tilted- 
gun ion trap, as does tne 19-in. 
19DP4. There are many other all- 
glaas tubes with circular screens. 

The large glass tubes are very 
heavy, since they must be built to 
withstand the extremely high at¬ 
mospheric forces. In an attempt to 
reduce weight as well as cost, many 
tubes have been made in recent 
years with a metal cone replacing 
the major part of the glass bulb. 1 
F,n ,«'■ H ^. u “* uUr tub *' This was made possible when the 

metal-to-glass sealing problem was 
solved. Two versions of metal picture tubes with 16-in. screens are 
the 16AP4 and the 16GP4, illustrated in Fig. 5-20. The 16GP4 


1 H. P. Steicr, J. Kelar, C. T. I^ttimer, and R. D. Faulkner, Developmental a Large 
Metal Kinescope for Television, RCA tin-., Vol 10. March, 1949. 
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is the later development, being shorter and having a 70° deflection 
angle. 

Since the scene to be viewed is rectangular, the use of a circular screen 
is wasteful of space. To eliminate this waste, rectangular tubes have 
been developed. A typical rectangular tube is shown in Fig. 5-21. 
This tube has a single-magnet ion-trap gun and the neutral gray face¬ 
plate filter with etched frosted surface 



Fio. • r >-22. Tubes with cylindrical faceplate, type 21KIMA. ( Courtesy <»/ Allen B. 

huMont LuhoraloritH.) 


A tube having the cylindrical faceplate is illustrated in Fig. 5-22. 
Typical of this shape are the 21 FIMA, with magnetic focus and tilted- 
gun ion trap, the 21 FIMA, with low-voltage electrostatic focus, and the 
21 HIM A, which is the so-called self-focus type with focus electrode tied 

to the cathode. 

An important property of a picture tube is its brightness-transfer char¬ 
acteristic, which is the screen highlight brightness as a function of con¬ 
trol-grid voltage. An approximate equation expressing this charac¬ 
teristic is 


H = K\(E CC - E cU ) + E.Y 
where E tc — grid-bias voltage 


(5-3) 


E ,o = grid voltage for plate-current cutoff 
E. = signal voltage as measured from the bias-voltage point 
7 = experimentally determined constant ^ A 0 
K = experimentally determined constant ^ 

H = brightness 


Gone- ^ tJiW > 

1 ^' «E Craj 
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The above equation may be written as 

B = K(AEy (5-4) 

where A E is grid voltage as measured from cutoff. 

The actual transfer characteristic of a typical tube is shown as the 
solid curve of Fig. 5-23a, which is replotted as the solid curve of the log- 
log plot of Fig. 5-236. The dotted curve of Fig. 5-236 is a plot of Eq. 
(5-4). where y is the slope of the straight-line curve of Fig. 5-236 and K 



Volts above cutoff ( E ) Volts above cutoff ( E) 

(a) Linear plot (6) Log-log plot 

Fig. 5-23. Brightness-transfer characteristic of typical picture tube, type 21MP4. 

is then determined from solution of the equation for a specific value of 
A E and B. This straight-line curve is transferred to Fig. 5-23a as the 
dotted curve, which then allows a comparison to be made between the 
actual curve and that derived from the approximate equation. 

6-11. Projection Tubes and Systems. Images formed on picture 
tubes can be used as light sources for projection systems. Cathode-ray 
tubes used as light sources are usually 4 to 7 in. or less in diameter, oper¬ 
ate with accelerating potentials in excess of 20 kv, and have highlight 
brightness in excess of 1,000 ft-lamberts. Such a tube is illustrated in 
Fig. 5-24. Its use in a projection-type home television receiver is illus¬ 
trated in Fig. 5-25 in conjunction with the Schmidt optical system. 1 

1 1. G. Maloff and D. W. Epstein, Reflective Optics in Projection Television, BUo- 
tronic8, December, 1944. 
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Higher-voltage projection tubes are also useful for large-screen projec¬ 
tion systems, although it is difficult to approach motion-picture size and 
still maintain sufficient brightness. 



Ho. 5-21. Projection tube, type 5TP4. (Courtesy of RCA.) 

A different large-screen projector system makes use of the Eidiphor 
(image bearer), which utilizes an electron beam to modulate a light 
source together with an appropriate optical system, as illustrated in 
Fig. 5-26. 1 Light from an arc-lamp source is passed through the aper¬ 
ture plate and condensing lens and falls on the 45 slitted parallel-bar 


45° Reflecting mirror 


4 A- 





I / 
/ ' 

!/ 


Translucent 

screen 


Correcting lens 


i-— Cathode ray 
\ tube 




Spherical mirror 

i 

Flu. 5-25. Project ion tube with cross-section view of Scluniilt optical system for 
rrceivrr applimtion. 

mirror. Approximately half the light passes through the slits and is lost, 
while the other half is reflected downward to the spherical mirror, as 
shown. A thin reflecting liquid film covers the surface of the spherical 

i E. Baumann, The Fischer Lir*.- Screen Projection System, J. Brit. Inst. Radio 
Krujra., pp. 6 ( J-78. February, ll»52. and Karl I Spomiblc, Eidiphor System of Theater 
Television, J. Hoc. Motion Pirhirc Trier,*,on Kny,*., Vol. 00, No. 4, pp. 837-343, April, 
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mirror, and if. this liquid is smooth and undisturbed, the incident light | 
will be reflected back to the mirror bars and back along the path of the I 
original beam. The spherical mirror is encased in a high-vacuum struc¬ 
ture which also contains the electron gun in the relative position shown, 
which scans the rectangular area shown, in the normal television fashion. 
The liquid has the property such that a variational charge pattern ris 



caused by the impinging of electrons from the beam causes the liquid to 
be deformed. If the surface is deformed, the impinging light will be 
deflected in such a manner that part of the reflected beam does not 
strike the mirror bars but passes through the slits, through the projec¬ 
tion lens, and on to the screen via the 45° directing mirror. 

The charge pattern and thus the deformation at any point on the 
liquid depend upon the velocity of the beam, and therefore velocity mod¬ 
ulation of the scanning beam, in accordance with the video signal, causes 
the deformation and, hence, the amount of light which reaches a point 
on the screen to vary with the video-signal modulation. The sweep- 
voltage modulation is a constant-frequency a-c voltage whose amplitude 
varies with the video signal. The charge density on the Eidiphor sur- : 
face is proportional to this amplitude. 
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The Eidiphor liquid has an average negative charge which exerts a 
mechanical force^n the liquid which wouM eventually cause it to be dis¬ 
placed. In order to prevent this, the spherical mirror is slowly rotated. 
The knife-edge shown controls the thickness of the liquid. 

The system is extremely efficient optically, and brightness and con¬ 
trast range can be made to approach those of normal motion pictures. 


Mirror 


Red phosphor 


Dichroic mirror — 
passes blue and 
green, reflects red 


Dichroic mirror - 
passes green, 
reflects blue 


Green phosphor 




— Blue phosphor 


Kki. 6-27. Optical superposition of colored images by use of dichroic mirrors. 

The Eidiphor system is also suitable for the reproduction of images in 
color in a sequential system. For this application, a color wheel is inter¬ 
posed in the primary light path in the vicinity of the aperture plate. 

5-12. Projection Systems for Three-color Reproduction. Three 
separate cathode-ray tubes, each with a different colored phosphor, may 
be utilized in a three-color television system. The phosphors duplicate, 
as nearly as possible, the red, blue, and green primaries chosen for the 
particular system. The colored images on the respective tubes may be 
optically superimposed on a single viewing surface by means of a mirror- 
filter arrangement. 1 One such system as shown in Fig. 5-27 makes use 
of two dichroic mirrors with the 45° mirror used as the final viewing 
surface. Another arrangement makes use of three projection-type tubes, 
a dichroic mirror, and lens system as shown in Tig. 5-28. 

* RCA Laboratories Division, A Six Megacycle Compatible High-definition Color 
Television. System, RCA Rev., Vol. 10, No. 4, pp. 504-524. December, 1949. 
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Red reflector 
■Red projection tube 

Crossed dichroic 
reflectors 


Screen 
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aluminized 


Spherical mirror 4^ dia 





Correcting lensV^yoke 
4j dia 

Blacked out 
Aluminized 
Clear glass 



Blue projection 
tube 


Glass face plate 


■ 30 kv beam 
20 kv beam 
10 kv beam 


Green projection tube 

Fig. 5-28. Optical superposition of colored images from projection tubes. {Court",, 
of RCA.) 

The difficulty of duplicating exact scanning patterns to an accuracy 
on the order of a picture element, together with the problem o cxac-tly 
superimposing individual images in a three-tube system, makes the devel¬ 
opment of single tubes for three-color reproduction high y desirable. 
P 6-13. Single Tubes for Color Reproduction. Several methods wi 
varying degrees of practicality, may be utilized to provide a single tri- 
y g B color tube which can operate on some or all of the 

possible color systems outlined in Chap. 1, without 
the necessity for optical superposition of images. 1 

Use of Multilayer Phosphor Screens. In principle, 
it would be possible to arrange three separate colored 
phosphors in distinct layers behind the glass faceplate 
of a cathode-ray tube, each phosphor being respon¬ 
sive to excitation of ail electron beam at a distinct 
scanning velocity, as illustrated in Fig. 5-29. For 
example, the highest-velocity beam from a gun carry¬ 
ing green information might penetrate the red and 
blue layers and cause luminescence of the green 
layer. Similarly, the gun carrying red information 
might penetrate the blue layer only and excite the 
red layer, while the lowest-velocity beam might be 
stopped at the blue layer. In principle, a single 
electron gun would suffice for a sequential color-switching system as illus- 

i £ yf Herold, Methods Suitable for Television Color Kinescopes, Proc. IRE, VoL 
39 No. 10, pp. 1177-1185, October, 1951. This paper surveys the methods which 
have been proposed or utilized by the many workers in the field. An extensive bibli¬ 
ography of both published articles and the patent literature is included. Subsequent 
literature has dealt principally with modifications and refinements in manufacturing 
techniques of some of the more promising forms of tubes. 


Fia. 5-29. Multi¬ 
layer screen for pro- 
ducing colored 
images, each layer 
being excited by a 
beam of different 
velocity. 
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trated in Fig. l-4c. For such a system, the cathode potential would be 
varied at the color-switching rate to give the proper variation in total 
accelerating potential. Such high-voltage switching, particularly where 
the color-switching rate is fast, has presented problems of sufficient 
difficulty so that it has not been possible to build practical tubes using 
these principles. An alternative approach is to use separate electron 
guns for each separate color. In principle, this would work for either 
a simultaneous or a sequential system. However, because of the dif¬ 
ferent accelerating potentials for 
each gun, three separate deflection 
systems would have to be employed 
in a simultaneous system, or, in 
the case of a sequential system, the 
deflection voltage or currents in a 
single deflecting system would have 
to be changed at the color-switching 
rate. In either case, great difficulty 

is inherent in obtaining proper reg¬ 
istration of the three color images. 

Another possible technique with a 
three-layer screen is to make use of 
the fact that one or more phosphors 
comprising such a screen undergo a 
color change with changing beam- 
current density as a result of saturation. This characteristic might point 

the way for future development. 

i; s , ,,f .1/ ultii/hosphor SingU-lnytr Screen with Elechun-tmnn Switching. 
An alternative to three-layer phosphor methods is the possibility of inter¬ 
mingling, in a single layer, particles of phosphors of the three colors. 
One method of doing this is to replace the single phosphor screen with 
ruled parallel phosphor line.; of alternating colors. These lines would be 
spaced sufficiently close together so that each color phosphor would still 
be capable of full resolution. One or more electron beams would be used 
to scan individual colored lines, as indicated in Tig. 5-110. 

The pattern might be scanned with a single gun in a direction either 
parallel to a phosphor strip or transverse to it. For a sequential method, 
a deflection system auxiliary to the main sea lining system may he used to 
deflect the beam to the proper colored phosphor in ueeordanee with the 
color switching. In a simultaneous system, three separate electron guns 
may be aligned in such a way with a common deflecting system that each 
gun scans only lines ol the color associated with its video information: or 
the beam from a single gun may be split three ways and separately con¬ 
trolled to accomplish the same thing. 

It is difficult to design sufficiently precise and linear deflection systems 


I n.. IOxsiiii pic* of a I lnre-ro|or phos¬ 

phor ruled as parallel adjarrnt lines. 
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to provide accurate registry of a scanning line with a particular phosphor 
strip. It is possible to obtain such registry -without dependence upon 
scanning-line accuracy by suitable feedback control circuits supplied 
from a signal which represents the error in registry. The tube shown in 
Fig. 5-31 represents an example of how this signal might be obtained.' 
Auxiliary strips having a high secondary-emission ratio are placed in line 
with the colored phosphor strips. When the scanning beam is in the 
vicinity of the strip area, the magnitude of current flowing to an adja¬ 
cent collector electrode depends upon the alignment ot the scanning beam 



Secondary - Emission 
control area 


Phosphor 

line 

screen 


Welded flange 


ollector electrode 


Electrostatic deflection 
plates 


Electron 

gun 


Magnetic Jeflection 
yoke 


x Magnetic shield 


iu. 5-3 1. Example of u line-screen tricolor tube which incorporates moans for deriving 
correction signal to control scanning accuracy. ( Proc . IRE, Oct., l'Jol.) 


with the proper phosphor strip. Ream switching from one color strip to 
the next is made possible by the electrostatic-deflection plates, and the 
accuracy of the alignment is obtained by means of feedback signals 
derived from the collector electrode. Such feedback methods for pro¬ 
viding correct alignment arc somewhat cumbersome circuitwise, and it 
would be desirable to incorporate within the tube itself means for obviat¬ 
ing such alignment. One possible avenue of approach is illustrated in 
Fig. 5-32. The three variations shown all represent means for providing 
a strong accelerating field toward the proper colored phosphor in accord¬ 
ance with the main color switching in a sequential system. Greater 
improvement might result if the external circuitry could be further 
relieved of the burden of control. 

Shadow-mask Techniques. It is possible to incorporate, within the 
cathode-ray tube itself, aperture masks which prevent electrons, arriv¬ 
ing at the sc'•cen from a given direction, from striking any phosphor ele- 

1 D. S. Bond. F. H. Nicoll, and I) G. Moore, Development and Operation of a Line 
Screen Color Kinescope. Rror. IRK, Vol. 39, No. 10, pp. 1218-1230, October. 1951 
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ment other than that of a single color. One method makes use of a 
three-gun tube with a line screen, as previously described, and contain¬ 
ing an “electron shadowing grid” 


Fig. 5-33a. The alignment of the 
grid is such that electrons from a 
single gun can strike phosphor ele¬ 
ments of only a single color. There 
is still the requirement that the three 
separate deflection systems provide 
precise scanning accuracy and that 
the spacing of the three guns be pre¬ 
cisely maintained. It is possible to 
use a single gun as shown in Fig. 
5-336 for a sequential system, where 
the color-deflection system together 
with the magnetic lens is used to 
control the direction of arrival of 
electrons at the screen in accord¬ 
ance with the desired color-switch¬ 
ing sequence. 

There may be advantages to using 
a dot structure rather than a line 
structure for a three-color phos¬ 
phor. One possible method which, 
however, does not necessarily use 
the shadow-mask principle, makes 
use of a phosphor screen composed 
of small cubes with different color 
phosphors on each of three of the 
faces, as illustrated in Fig. 5-34. 
Electrons from three different guns 
arrive from different directions and 
hit only the proper face of the cube 
to cause excitation of a single color. 

The principle of operation of the 
shadow-mask technique as applied 
to a phosphor-dot screen is illus¬ 
trated in Fig. .5-35. The phosphor 
dots are arranged in groups of three. 


behind the phosphor, as shown in 



(a) Variation of potential of line 
screen elements 



(6) Deflection plate switching of beam 



(c) Deflection switching of phosphor 
coated plates 

Fio. 5-32. Electron-beam switching at 
or near phosphor for providing color 
changes. (Proc. IRE, Oct., 1951.) 


The shadow mask is a thin, perforated sheet of metal. The screen mask 
and three separate electron sources are arranged in such a way that elec¬ 
trons from a single source can strike a phosphor element of only a single 
color. 

A three-gun tube using the shadow-mask principle is jllustrated in Fig. 
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Scanning deflection 



Scanning Wire 

deflection shadowing 



Fi<;. 5-33. Color control of line-screen phosphor by use of electron shadowing tech- 
niquo. (l J roi\ ll{Ey October t 1951.) 


5-36.' The* gun centers are spaced 120° apart on a circle, and a common 
deflection system is employed. The use of this form of tube is simple as 
far as external circuitrv is concerned and is adaptable eithei to a simul- 


Direction of 
green beam 



Fio. ft-St. Cube arrangement of throc- 
i-olor phosphor screen with direction of 
arrival control. 


screen is controlled by the color-sek 


taneous or a sequential system with¬ 
out the necessity for complicated 
beam-switching arrangements. The 
requirement for precision is trans¬ 
ferred from external circuitry to 
the proper spacing and positioning 
of the elements of the cathode-ray 
tube. 

A single-gun version of the 
shadow-mask tube is illustrated in 
Fig. o-37.- The direction of ap¬ 
proach of the electron beam to the 
•lion deflection system and the main- 


1 II. B. Law, A Three Gun Shadow Mask Color Kinescope, Proc. IKK, Vol. 39, 
No. 10, pp. 1180-1191, October. 1951. 

1 It. It. Law. A One Gun Shadow-mask Color Kinescope, /Vue. IKK. Vol. 39, No. 10, 
pp. 1191-1201. October. 1951. 
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locus coil, which arc both ahead of the main deflection system. For a 
sequential system, the beam is deflected by tin* color-selection deflecting; 
system in the proper time sequence so that it has the correct angle of 
approach for the desired color The brightness information is applied 


Preferred direction of 
horizontal scan \ 



covered with tangent 
phosphor dots 

1m. 5-35. Sli;nlm\ -mnsl. pi in< i|»l<- a> applied to pliosplmr-dot m iccii. (/';«« 
October, I!I5I > 


I/O. 



- m M m «/ v W m I • f — 

screen. (I'ror. IItE. OrhJ" r, I €| -• * 

to the grid ill the* usual mania i lit a particular form of simultaneous 
HyHU 4 m, the* same is true, hut. in addition, the direction of deflection is 
changed continuously to var\ the direction of approach in accordance 
with the hue and Hat unit ion information. 

Jiram-nfUriinj 7Vc/om/a**. Another principle which may he employed 
in a three-color tube makes use of beam-reflecting elements at the screen 
One form 1 is shown in hig o-d8. I he phosphor elements are applied to 
a plate containing small apertures. I he electron beam passes through 

1 I*. K. Wciiiier. aial N. Kynn. A <• l(i*f|rr!inn Tvfx* < 4#J«#r Kimwopc /V'w 

Hit:. Vol. 3ft. No. 10 . m» 1201 121 J. October. Ift/il. 
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the aperture and is repelled by a potential on the reflector plate. It is 
bent back and hits one of the phosphor elements, the one that it hits 



Fn». 5-37. Electnm optics of shndow-mnsk tube with single electron gun. 



being dependent upon the potential of the reflector. This potential can 
be switched in accordance with the color switching in a sequential system. 

Another approach is to use a series of three closely spaced phosphor- 
coated grids separated by fine-mesh control screens as shown in Fig. 
5_39.i The potential on the control grids determines whether or not the 

» S. V. Forgue, A Grid-controlled Color Kinescope, Proc. IRE , Vol. 39, No. 10, 
pp. 1212-1218, October. 1951. 
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beam, at a given time, will penetrate to a particular phosphor layer or 
whether it will fall back and hit the layer through which it has just pene¬ 
trated. Either a single- or a three-gun version of this tube is possible. 

Related Problems. Regardless of the methods which will ultimately 
prove most practical for a tricolor picture tube, extreme requirements for 
precision are placed upon the construction of the tube. The success 



depends upon precision manufacturing techniques suitable for mass pro¬ 
duction. The application of separate phosphor elements of the very 
minute size required demands special techniques. 1 he construction of 
three-gun tubes designed for a single deflection system presents extreme 
alignment problems, 2 and the design of color-deflection systems requires 
the utmost precision. 3 The proper location and spacing of the mask in 
aperture-mask tubes constitute a problem requiring special techniques. 4 


1 N. S Freedman, ami K. M. McLaughlin, Phosphor Screen Application in Color 
Kinescopes, Proc. IRE, Vol. 39, No. 10, pp. 1230-1230, October. 1951. 

* H. C. Mood ley and D. D. Van Orrner, Three-beam Guns for Color Kinescopes, 
Proc. IRE, Vol. 39, No. 10, pp. 1230-1240, October, 1951. 

* A. W. Friend, Deflection and Convergence in Color Kinescopes, Pror. IRE, Vol. 
39, No. 10, pp. 1249-1203. October, 1951. 

* D. D. Van Ormcr and D. C. Ballard, Effects of Screen Tolerance* and Operating 
Characteristics of Aperture-mask Tri-color Kinescopes, Proc. IRE, Vol. 39, No. 10, 
pp. 1246-1249, October, 1951. 
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6-1. General Characteristics. The performance of vacuum-tube 
circuits which may be used as video amplifiers may be evaluated in terms 
of all or part of the following fundamental quantities: 

1. Gain , which is the ratio of the output to the input. When applied 
to amplifiers for video signals, the term usually refers to voltage gain, 
but in some eases it is convenient to refer to power gain expressed in 
decibels (db), and occasionally an expression for current gain is desired. 

2. Frequency response , which is an expression of gain in complex form. 

G(o») = \G\e>* 

where both |6'J and 0 are functions of frequency. 

This characteristic is usually expressed in terms of the magnitude |(?| 
( amplitude response) and its phase angle 6 ( phase characteristic). The 
phase characteristic is often expressed as a time delay , which is the actual 
time delay as a function of frequency and bears the relation 

m —phase shift in rad 
ld ~ 2irf ‘ 


t o the frequency involved. The bandwidth is the frequency span between 
two points at which the response drops to an arbitrarily assigned frac¬ 
tion of the normal value. This fraction is usually taken as 0.707. Such 
points represent a drop of 3 db from the normal value where attenuation 
in decibels is given by 



with \(h,\ the mid-band gain and !(7| the gain at the frequency of interest. 

3. Transient response , which might he taken in its broadest sense to be 
the response to any suddenly impressed excitation, but which is generally 
considered as the response, to an applied step function of excitation. 
There is always a unique relationship between the transient response and 
the frequency response, and one may be expressed in terms of the other. 

I. Linearity, which is the degree to which the output is directly pro¬ 
portional to the input. In most cases, a linear characteristic is desir¬ 
able. However, in special cases, nonlinear amplifiers are used to corn- 
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pensate for nonlinearity in other parts of the system. The linearity 
characteristic of any part of a system is generally referred to as its 
gamma ( 7 ). 

6-2. The Triode-vacuura-tube Amplifier. The triode vacuum lube is 
one of the most commonly used forms ot a nonlinear circuit element. 
Its usefulness lies partly in the fact, however, that it may be considered 



Fio. 6-1. Plate-characteristic curves of • typical triode. Point O is an arbitrarily 
established operating point through which .a drawn a particular load line for a specified 

value of a plate-supply voltage. 


as a linear circuit element if the plate-current range over which it must 
operate is sufficiently limited. 

The characteristics of a typical triode vacuum tube are completely 
specified by the family of curves shown in Fig. 6-1, provided the cathode 

is operated under space-charge-limited conditions. 

The plate current may be expressed by the general functional relation¬ 
ship between plate voltage * and grid voltage e, as 

U */(<-*A) (6-1) 


If fixed operating conditions E b and h are established for a given grid 
potential E c as indicated in Fig. 6-1, incremental changes in plate current 
may be expressed in terms of grid- and plate-voltage changes as 



( 6 - 2 ) 
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If small finite changes rather than differential changes are co 
the above equation may be written in algebraic form as 


ddered, 


t „ = g„e„ + 5s (6-3) 

T P 

where i py e 0 , and c p are changes from the established operating point of 
plate current, grid voltage, and plate voltage, respectively, g m is defined by 



dib 

de e 


. e* — conat 


(6-4) 


and is known as the transconductance of the tube, and r p is the plate resist¬ 
ance of the tube, defined as 



1 


dijde 6 


. «• — 


const 


(6-5) 


Equation (6-3) applies in the vicinity of the established operating point 
and is valid as long as the range of operation is restricted sufficiently so 
that the operation may be considered as linear. The transconductance 
g m may be approximated by drawing a vertical line through the operat¬ 
ing point and measuring the change in plate current as adjacent grid- 
voltage lines are traversed. 

The plate resistance r p may be evaluated approximately as the recip¬ 
rocal of the slope of a line tangent to the curve of fixed 
grid voltage at the established operating point- 
Equation (6-3) may be rewritten in the form 

e p = i p r p - ne Q . (6-6) 

where n is defined as the amplification factor of the tube 
and is 

* = 9„r r = - |5-*1 (6-7) 

From Eq. (6-6), it may be seen that as far as deviations 
from the operating point are concerned, the plate and 
cathode terminals of the tube may be replaced by the 
well-known equivalent circuit of Fig. 6-2, which consists 
of an equivalent voltage generator of ne g in series with the plate resistance 
r p . The indicated polarity agrees with the known fact that an increase 
in conventional current flow results in a decrease in terminal plate-cathode 
voltage when the equivalent generator is connected to an external circuit. 

The complete circuit for an amplifier is that of Fig. 6-3a with the 
equivalent circuit of Fig. 6-36. The established operating potentials are 
determined by the supply voltages E ee and These, of course, do not 

appear in the equivalent circuit. If the load impedance is a pure resist- 


P 



T 


K 

Fio. 6-2. Equiv¬ 
alent plate cir¬ 
cuit of vacuum 
tube. 



VIDEO AMPLIFIERS 


157 


ance, the operating point may be established readily from the equation 

E b = E bb - I b R L 

plotted on the characteristic curve of the tube as shown in Fig. 6-1. 

This method of establishing the operating point is valid for the general 
case of the load impedance not purely resistive, provided the resistive 
component of load impedance is used. The 
gain of such an amplifier tube is the ratio of 
output voltage to input voltage and is 


G = 


Ep 

E„ 


— A»Z L 

r p + Z/. 


( 6 - 8 ) 






(6) Equivalent circuit 

Fi<;. 0-3. The singlo-triode 
amplifier circuit. 


from the solution of the equivalent circuit. 

The quantities E p and E„ represent rms 
values of e p and e 0 , respectively, where these 
are single-frequency sinusoidal excitations. 

6-3. Cascaded Amplifiers. In order to 
obtain more gain than can be provided by a 
single stage, two or more stages are cascaded 
in the manner shown in Fig. 6-4a, the cou¬ 
pling capacitance C c being used to prevent 
the d-c component of voltage resulting from 
zero-signal plate current in the first tube from 
being applied to the grid of the second tube. 

The gain of a stage in a cascaded chain of 

amplifiers is defined as E g2 /E til . For the special case in which Z,. is a pure 
resistance R, such a cascaded amplifier is known as a resistance-coupled 
amplifier. The equivalent circuit of the resistance-coupled amplifier is 
shown in Fig. 6-46. The shunt capacitances C i and C it which are not 
shown in the actual circuit, represent the effect of the interelectrode capac¬ 
itances of the tubes and whatever additional shunt capacitances that are 
introduced by the wiring configuration of the circuit. 

Generally speaking, amplifiers may be designed in such a way that C c 
has negligible reactance at frequencies where C\ and C 2 have appreciable 
admittance. Furthermore, there is usually a range of frequencies over 
which none of the capacitances have noticeable effect. This makes pos¬ 
sible the consideration of three separate equivalent circuits accurate at 
low, medium, and high frequencies, respectively, as indicated in Fig. 6-4e, 
d and e. These circuits may be solved directly for gain or may first be 
reduced by ThSvenin’s theorem, to their series equivalent shown in Fig. 
6-4/, g, and h. The mid-frequency gain, designated by G„, is 

_ -h\RlR,/{Rv + R.)\ 

Go “ r, + [RlR,/(Rl + R.)) 


(6-9) 
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(6) Complete equivalent circuit 



(c) Low frequency equivalent 




(<f) Mid-freq. equivalent (e) High freq. equivalent 


f R Ll R iZ ) 

W»+*rfJ 

. XgZ 

*11 +K* 


r P 1 



Ml E gkl 


(/) Low frequency equivalent (g) Mid-frequency equivalent ( h ) High frequency equivalent 

Series circuit Series circuit Series circuit 

Fio. 6-4. The resistance-coupled Amplifier. 


The 1-f gain relative to the mid-frequency gain is 

G _1_ 

Go . _ ± _1_ 

uC e R„ -f [r p R,./(r p + /?*.)] 


( 6 - 10 ) 


The h-f gain relative to mid-hand gain is 

G__1_ 

Go 1 + jo)C(\r p R t .R 9 /(r p R,' + r p R 0 -f- RtRg)\ 


( 6 - 11 ) 


It is convenient to define the frequency at both high and low ends of 
the range at which the response is 70.7 per cent of the mid-band value. 
It is apparent from consideration of the above equations or from inspec¬ 
tion of the series-equivalent circuits that this occurs when the reactance 
of the capacitance involved in each case is equal to the equivalent series 
resistance of the circuit. At the 0.707 response point, there is a 45° 
phase shift in addition to the polarity reversal inherent in the resistance- 
coupled amplifier in the mid-frequency range. 
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The low frequency at which this relationship holds, defined as / x , is 


fi = 


2 * C ‘ (*' + rVVR.) 


( 0 - 12 ) 


and the h-f point of 70.7 per cent response, / 2 , is 

/z = 2*Co[r p R L R 0 /(r p R, + r p l{ 0 + II Jt,)} 


(0-13) 


The relative-gain equations may be expressed in terms of these upper 
and lower limits as follows: 


i - x/.//) \/i + (/.//> 


L= / 
(/.//) 2 / 


tan 




(0-14) 


and 


9i =-!- = 1 / - tan -1 - (6-15) 

Go 1 + j(f/f,) \/l + (///*)* Z_4 

The resultant curves of relative gain and phase shift are plotted in 
Fig. 6-5. These are the curves which are commonly referred to as the 



0 *= 

o.oi 



0 1 10 10 0 1 1.0 . 10 
— f/'i -^ - 'A — 

(a) Universal amplification curve of resistance coupled amplifier 


100 



(6) Relative phase response of resistance coupled amplifier 


Fio. 0-5. Universal gain-phase curved for resistance-coupled amplifier. 

universal amplification curves of a resistance-coupled amplifier. They 
are valid for any such amplifier that actually has a mid-frequency range in 
which all capacitances are negligible; and from them the characteristics 
of any particular amplifier may be found if the values of all its elements 
are known. 
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It is apparent from inspection of Eqs. (6-14) and (6-15), and the uni¬ 
versal amplification curve, that the first step in the improvement of h-f 
response of an amplifier is to lower the plate-load resistance. This 
results in a higher value for /*. This is done only at the expense of gain, 
however, since the product of gain and bandwidth is essentially constant. 

The next approach is to reduce the equivalent shunt capacitance Co 
to the lowest possible value. The portion of this capacitance, desig¬ 
nated as C 2 , is made up of the capacitance between grid and cathode of 
the following stage in addition to an effective inpub-capacitance compo¬ 
nent resulting from grid-plate capacitance of the stage, which depends 
upon the gain of the stage. The total input capacitance of the stage is 

C# = C ok -f C„( 1 - (?o#) (6-16) 

This equation is approximate, since the gain of the stage is no longer Co# 
at the frequencies at which the capacitances involved become effective. 
The effects will be discussed in more precise terms in Chap. 10. Equa¬ 
tion (6-16), however, is a sufficiently good approximation for the pur¬ 
poses of the present discussion. 

Where the gain of a triode is large, the effective grid-plate capacitance 
represents a large fraction of the total input capacitance, since the 
grid-plate capacitance itself is several micromicrofarads. This restricts 
the usefulness of a triode as a tube for wide-band video amplifiers. 

6-4. Pentodes and Tetrodes in Amplifier Circuits. The tetrode, or 
screen-grid tube, has a fine wire mesh inserted between grid and plate 
which reduces the grid-plate capacitance from several micromicrofarads 
to a small fraction of a micromicrofarad. The screen grid in ordinary 
amplifier applications is operated at a fixed potential, and therefore the 
gain factor does not influence the effective input capacitance «rising from 
the capacitance between the screen and the grid. 

The tetrode structure has an undesirable plate-voltage-plate-current 
characteristic at low plate voltages (lower than screen voltage) as a 
result of secondary-emission current from the plate. This effect may 
be eliminated by insertion of another grid, between screen and plate, 
operated at approximately cathode potential. The resulting electric 
field in the vicinity of the plate prevents secondary electrons emitted 
from the plate from reaching the screen, these being returned to the 
plate instead. 

This structure is known as a pentode. Characteristic curves of a typi¬ 
cal pentode are shown in Fig. 6-6. The pentode usually can be consid¬ 
ered as a constant-current device, as can be seen from the shape of the 
curves; i.e., the plate current is relatively independent of plate voltage in 
the normal operating range, another way of saying that r p is extremely 
high. In spite of this, the gain which can be realized at a given operat- 
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ing current is, in general, higher for a pentode than for a triode because 
of the generally larger n and g m . 

The equivalent circuits and equations for the triode are equally valid 
for the pentode; but usually, in wide-band amplifiers, the plate resistance 
is so much greater than the total load impedance that it may be consid¬ 
ered as infinite in the analysis of most circuits in which it is involved. 
The equivalent circuit for the pentode then reduces to that of Fig. 6-7a, 
by use of Thlvenin’s theorem applied to the circuit of Fig. 6-46. 



Fi<;. 0-6. Plate-characteristic curves of typical pentode. 

The current-source form of equivalent circuit of Fig. 6-76 is very 
convenient when the pentode is used and reduces to the approximate cir¬ 
cuit of Fig. 6-7c when r p » Rl- 

In most cases, R gt can be made high in comparison with R L , which 
results in the further simplification of the equivalent circuit to those of 

Fig. 6-7 d. 

Where r p and R are each much greater than R L , the relative gains, 
expressed by Eqs. (6-9) through (6-15), reduce to the following forms: 


Go 

— {/ml R L 1 



(6-17) 

G 

1 

/. 

1 

(6-18) 

Go 

^ 1 - jifl/f) 

2irR g2 C e 

G 

1 

ft 

1 

(6-19) 

G„ 

" 1 + j(f/U) 

2ir/? / .iCo 


The use of a pentode results, in general, in increased gain for a given 
bandwidth relative to that of a triode, because of its smaller effective 
shunting capacitance, troin the simplified form of the relative-gain 
equations, it is apparent that the gain-bandwidth product of a resist¬ 
ance-coupled amplifier is constant and that one is obtained at the expense 
of *he other for a given tube and circuit configuration. 
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Since the gain is proportional to the of the tube and the bandwidth 
(for a specified gain) is proportional to 1/Co in a given circuit configura¬ 
tion, the limit to which the bandwidth may be extended is fundamentally 
limited by the interelectrode capacitances of the tubes themselves if the 



(a) Approximate series equivalent circuit for pentodes 



(fr) Constant current form of vacuum tube amplifier circuits 



(e) Approximate constant current form for pentodes, r f » R t 




Low frequencies Middle frequencies High frequencies 
(d)'Further approximation with R t much greater than R L 
Fio. 6-7. Pentode-equivalent circuits. 

wiring and socket capacitance could be reduced to zero. ^The m a xi mum 
bandwidth in this case would be proportional to 1/C<, where C* is the 
total output capacitance of the tube in question added to the total input 
capacitance of a similar tube in the following stage. 

In this limiting case, the gain-bandwidth product has a maximum pos¬ 
sible value of g w% /2wC t , determined only by the tubes used in the amplifier 

chain. 

The quality of a tube as a wide-band amplifier may thus be expressed 
in terms of its figure of merit N, which is defined as 

_ Qm 

cl 


N 


< 6 - 20 ) 
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The gain-bandwidth product of a stage would be proportional to this 
figure if the wiring and socket capacitances could be reduced to zero. 

6-5. High-frequency Compensation of Video Amplifiers. The simple 
resistance-coupled stage, while used extensively in audio amplifiers, is 
unsuitable for use, without modification, in a chain of amplifiers for video 
signals because of the increased gain-bandwidth-product requirements in 
television. It has been shown in Chap. 2 that, for exact reproduction of 



R. 


,—vwv 


g m E g ( R l +ju>L\) 


0000 



(6) Equivalent high frequency (c) Constant current 
senes circuit equivalent circuit 

Fig. tt-8. Shunt-peaked amplifier. 


all forms of excitation waveforms, the gain must be constant for all fre¬ 
quencies in the original waveform and the phase shift of all components 
in the resultant wave must be either zero or linearly proportional to fre 
quency (constant time delay for all frequencies) throughout the frequency 
range of interest. 

The h-f range of the amplifier may be extended by the use of more 
complicated two- or four-terminal interstage networks. Such networks 
are usually ladder-type configurations whose response may be expressed 
as a polynomial of the form 


G_ 

Go 


S' 


* + + 


8 n + ri8 n ~ l -f r 2 s" * + 


+ r, 


where a = jeo and q and r are the coefficients of the various powers of s as 
determined from the network constants. Such networks are classified as 
minimum-phaae-ahift networks when, in a complex plot, the roots of the 
polynomial in a in both numerator and denominator all lie to the left of the 
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imaginary axis. In general, all ladder-type networks having only one 
path from source to load are of the minimum-phase-shift type. Others, 
such as the lattice or bridgcd-T may or may not be. The roots in the 



f/fz 

(a) Relative gain 



f / f 2 


(6) Time delay characteristic 

Fig. &-9. Relative-amplitude and time-delay characteristic of shunt-peaked amplifier 
relative to uncompensated amplifier in the mid-frequency range. 

numerator of the response are referred to as the zeros of the network 
function and those of the denominator as the poles. 

Shunt-peaked Amplifier Stage. The simplest and most common form 
of h-f compensation is known as shunt peaking and is illustrated in Fig. 
6-8a. The equivalent series circuit for high frequencies is shown in Fig. 
6-86 and the constant-current equivalent circuit in Fig. 6-8c. One of 
these equivalent circuits may be solved and the gain for high frequencies 
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relative to that in the mid-frequency range expressed in the form 


G_ _ 1 +j(uL/R t ) 

Go " 1 - u'LCo -f- juCoRt 


If the following definitions are made, 


a>j = 2x/ 2 = 


1 


and 


m, = 


RlC< 


U 


1T l = CoRS 


( 6 - 21 ) 

( 6 - 22 ) 

(6-23) 


Eq. (6-21) may be expressed in the normalized 


(dimensionless) form 


G 1 -f- j(u>/o)2)nii 

Go 1 — («/«t)*mi +y(«/« i) 


(6-24) 


The quantity oj 2 is observed to be the angular frequency of 0.707 response 
(2r/ 2 ) for the uncompensated amplifier and is used here as a reference 
frequency. The quantity m, represents the Q of the series RL load cir¬ 
cuit at this frequency. 

The relative gain for this type of compensation is plotted in Fig. G-9a 
for various values of m x . The value of mi = 0.414 gives the maximum 
flatness without any rise in relative response above unity at any fre¬ 
quency. 1 The value of mi = 0.5 gives a response of unity at f t but a 
pronounced rise in response at frequencies lower than this point. 

The phase shift in addition to the polarity reversal of the resistance- 
coupled amplifier is found from Eq. (6-24) to be 

CaJ CO / cu* 

6 - tan -1 —m, — — ■ ( 6 - 25 ) 

‘ Maximum flatness for any network may be obtained by expressing the magnitude 
of relative gain as a polynomial of the form 

G | / 1 + aitw/ui) 1 4~ a>( u>/au) 4 4~ • • • 

Co I Vj 4 tifw/uii) 1 4- h(«/wi)‘ ■+■ 6 j(w/u»j)* 4- • • • + (ai/ui|)*" 


and equating as many as possible of the coefficients of like powers of w/u,, In general 
it will be possible to do this only for the lower powers of w/w», and the existence of the 
difference in value for the higher powers in numerator and denominator determineo the 
ultimate limit in response. If the numerator is not a function of frequency, the 
Buttcrworth form of response, the condition known as true maximal flatness, is defined 
if all the coefficients in the denominator except 6, ran be equated to zero. The 
magnitude of the resultant response is expressed in general form as 

C __ l _ 

C. " y/\ 4- («/,)*• 

where p is a new reference frequency defined by p » The true maximally 

*iat response has a sharper cutoff than the general maximum flat form. It might be 
pointed out that n is the number of poles in the complex plot. 
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The dimenflionless or normalized time delay is given by 



— Q in rad /* 
2r / 


(6-26) 


and is plotted in Fig. 6-96. 

The most constant time delay for the greatest frequency range occurs 
when mi = 0.32. 1 The value of m x = 0.35 represents the case for which 
the normalized time delay (fzTd) is the same for the /* point as it is 
at low frequencies. This is sometimes referred to as the most constant 



Fig. 6-10. Step function of shunt-peaked amplifier. 

time-delay characteristic and represents the smallest departure from lin¬ 
earity throughout the range from zero to/ s . These responses represent a 
considerable improvement over the uncompensated stage. The response 
of the shunt-peaked amplifier to the step function for various values of 
m x is shown in Fig. 6-10.* 

The step-function response of an amplifier is defined in terms of the 
rise time T, as measured between the limits of 10 and 90 per cent of full 
amplitude, and overshoot y, which is the maximum departure, after the 
initial rise, from the final amplitude. For the shunt-peaked amplifier, 
the fastest rise time consistent with negligible overshoot occurs for the 
value of m x giving the most linear phase characteristic, although higher 
values of m x yield faster rise times. 

i'The moat linear phase characteristic may be deduced from the expression of the 
derivative of phase angle with respect to frequency as a ratio of two polynomials in 
u>/wi and equating as many of the coefficients of like power of u/u 2 as possible. 

* Methods of analysis which allow determination of step-function response are dis¬ 
cussed in Chap. 7. 
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Modified Shunt-peaked Amplifier. A slight improvement in the per¬ 
formance of the shunt-peaked amplifier may be made by the addition of 
a small capacitance across the inductance of the series impedance of Fig. 
G-8 as indicated in Fig. 6-1 la. The relative gain may be determined 



(a) Actual circuit 


7 — 


Co l , 


{b) Constant current equivalent circuit 
Fk>. 6-11. Modified shunt-peaked amplifier. 

from any of the equivalent circuit*, including that of Fig. 6-116. This 
relative gain is given by 

G (1 — u,’L,C.) 4- It l) _ (a_o*7\ 

G„ = 1 - w 2 />i(C7 4- Co) + juCofii.O - w 2 L,f7 4 ) 

If and m, are defined as before and 

C, - k x Co (6-28) 

the normalized relative gain is 

n, 1 - (w/utV mikt 4- _ r«_OQ^ 

Q- # “ Y _ ( w /w,)’Wl 4- fci) 4- iw«*)(l - (u)/wj) 1 miA:i] 

The relative response and time-delay characteristics are plotted in Fig. 

6-12 for various circuit parameters. . 

\ general inspection of these responses in comparison with the simple 

•hunt-peaked stage shows that for values of m, of 0.4 to 0.45, including the 

value of mi - 0 414 for maximum flatness, the response out to///, - 1 is 

somewhat more uniform than that of the shunt-peaked amplifier. In 
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addition to this, the parameters yielding the most constant time-delay 
characteristic out to ft produce a slightly more constant time-delay 
characteristic than the best of the shunt-peaked responses, while at 
the same time producing a somewhat better frequency response. 



*2 



0.1 0.2 0.3 0.4 0.6 0.8 10 2 3 4 5 

J_ 

h 

(b ) Time delay characteristic 

Fig. 6-12 Relative-amplitude and time-delay characteristics of modified shunt-peaked 
amplifier. 

The transient rise time for the value of m x = 0.35 is observed from Fig. 
6-13, to compare with that of the basic shunt-peaked stage for mi = 0.35. 
However, the overshoot is reduced to a negligible value. For the case of 
maximum flatness (mi = 0.414), the rise time is but slightly improved 
over that of the shunt-peaked amplifier, while the overshoot is con¬ 
siderably greater. 
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Series-peaked Amplifier. The shunt-peaked amplifier and its modifica¬ 
tion are two terminal networks which combine the two capacitances C\ 
and Ci into an equivalent total capacitance C 0 . It is possible to design 
a four-terminal network which keeps the two capacitances separated and 
may provide a better degree of correction. The simplest form of four- 



F,„ ft.|3 function response of modified shunt-peaked amplifier. 


terminal network is that known as series peaking, 
trated in Fig. 6-14. The relative h-f gain is 

G __ 1 _ 

Go 1 - «*/,/.', T juR,.[Ci -f- <",(1 - 

By making use of the following substitutions, 


/>2 = rnzCoHif 

c 0 = r, + <'+ (as before) 

C, ~ k 2 ( o 


C0? 



(as before) 


1'his network is illus- 



(6-30) 


the equation may be written in the normalized form 

G 1 

(u)/u)z) 7 mii '2 + jz)\\ + (u>/u)z) , m 2 kj(ki — 1)J 

Curves for relative response for a capacitance ratio of C 2 to C, of 2 
are shown in Fig. 6-15a and the time-delay Characteristic in Fig. 6-156. 
Corresponding transient responses are shown in Pig. 6 - 16 . Curves given 
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in Fig. 0-17 for other capacitance ratios show that best results are 
obtained when the capacitance Ci is the larger of the capacitances. 
Although the true maximally flat, or Butterworth, form of response 
is potentially possible with this network, it can be achieved only for 
kt ■“ 0.76, which is too far from the natural capacitance division in most 
interstages to make its use practical without increasing C* and thereby the 
total capacitance Co* However, where it can be achieved without 





( b) Approximate series equivalent circuit 

Fio. 6-14. Series-peaked video amplifier with simplified h-f equivalent series circuit. 

increasing the total capacitance, the bandwidth is considerably greater 
than that of the shunt-peaked stage for the same gain. It may be 
observed from Fig. 6-15 that series peaking allows a more extended range 
with relatively small departure from mid-band response than does shunt 
peaking. However, because of the nonuniform time-delay characteristics 
which can be obtained for the most useful values of fc 2 , it is not possible to 
obtain a transient response having an equivalent rise time with negligible 

overshoot. 

Combination Series-Shunt-peaked Amplifier. A more complicated four- 
terminal network combines the elements of shunt peaking with those of 
series peaking. This combination permits the simple shunt type of com¬ 
pensation for Ci, while the output, which would otherwise drop because 
of Ci, may be extended, by proper choice of the resonant frequency of Lj 
and Ci. The circuit for combination series-shunt peaking, together with 
one form of equivalent circuit, is shown in Fig. 6-18. 
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stant time delay and approximate maximal flatness 1 are plotted in Fig. 
6-19. It is possible to extend the region of relatively flat response far 
beyond what is possible with the simple shunt and series peaking. How¬ 
ever, when this is done, the time-delay characteristic is far from constant 
throughout the region of interest. When the time delay is made essen¬ 
tially constant, the amplitude response shows the gradual falling off before 
/// 2 = 1 is reached. 



Time, 

Fig. 0-16. Step-function response of series-peaked amplifier. 


The step-function response of the stage shown in Fig. 6-20 for both a 
nearly linear phase and one characteristic approximately maximally flat 
is seen to have an improvement in rise time over the simpler forms of 
compensation. The constant time-delay form has much less overshoot 
than the case yielding the most extended frequency response. 

Modified Combination Series-Shunt-peaked Amplifier. A still more 
complicated four-terminal network combines the modified shunt-peaked 
amplifier with series peaking. This combination is shown in Fig. 6-21 
along with the constant-current form of the equivalent circuit. 

The relative gain equation in normalized form is found to be 

G _ 1 — (q>/a>2)*raifci + j{oj/o)i)m\ (“6-33) 

Go a. jb 

1 The curve of approximate maximal flatness is obtained by considering the numera¬ 
tor of Eq. (6-32) as independent of frequency and choosing coefficients of powers of 
w/oji in the denominator to yield the true maximally flat form. The actual curve may 
then be plotted from Eq. (6-32). The result is a curve which departs from the true 
maximal flatness by only a very slight amount. This form of response can be obtained 
only for the particular value of k t shown. 
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with m,, m 2 , k u k 7 , and u> 2 defined as before. 
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Relative amplitude and time-delay curves for the constant time-delay 
and approximately maximally flat forms are shown in Fig. 6-22. These 
are similar to the responses of Fig. 6-19 except for a slight improvement 
for the most constant time-delay form and a marked improvement in 
bandwidth in the approximate maximally flat form. For the same gain, 
the 0.707 bandwidth is 3.17 times that of the uncompensated amplifier 
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(6) Constant voltage equivalent circuit 
Fi«. fi-18. Combination series-shunt peaking. 


and the departure from true maximal flatness is negligible. The step- 
function responses are shown in Fig. 6-23 and for the most constant time- 
delay form have a faster rise time and less overshoot than the circuit 
shown in Fig. 6-18. The rise time is faster also for the maximally flat 
form but the overshoot is greater. 

6-6. Idealized Responses and General Characteristics. From the 
standpoint of equal amplification over a band of frequencies, the most 
desirable response characteristic of an amplifier is that which has as 
nearly as possible uniform amplification up to the highest frequency of 
interest and cuts off sharply thereafter. An approach to uniform gain is 
to design on the basis of approximations to the maximally flat response of 


<7 = _1_ 

\/1 -f- (w/p) 2n 


(6-34a) 


where p is the angular frequency of 0.707 response. The flattest response 
curve for the series-peaked amplifier is exactly of this form with n = 3 
and for the series-shunt and modified series-shunt forms is of approxi¬ 
mately this form with n = 4 and n — 5, respectively. Higher values of 
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n result in a characteristic having an even sharper cutoff. It has been 
shown, however, that fhe nonconstant time-delay characteristic associ¬ 
ated with such a type of cutoff leads to serious overshoots in the transient 
response. The best transient response consistent with small overshoot 
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works, the absolute-value curve of the frequency characteristic uniquely 
determines the phase characteristic and, therefore, the transient response. 
In other words, any two minimum-phase-shift networks having identical 


°°01 0.2 0.3 0 4 06 08 1 0 2 3 4 5 

Normalized frequency, f/f 2 
(6) Time delay 

F IO g_ 22. Characteristic* of modified «erie»-uhuut-peaked amplifier. 

absolute-value curves also have identical phase responses and identical 
transient responses. 

The optimum form of absolute-value response curve from the nd- 
point of fastest rise time with zero overshoot would be the Gaussian ei. 
curve which has the form 

G(u) = (6-34M 


m,-0.173 
-0547 
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ized frequency. f/f 2 
> Relative g3in 
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(6-34 h) 


and is plotted in Fig. 6-24n. The corresponding time response of this 
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idealized function is plotted in Fig. 6-246. Obviously, this response is 
not physically realizable, since it implies a response ahead of the time, 
t = 0, at which the excitation is applied and could be approached only 
with infinite time delay. 

Although the form <3f the Gaussian error curve cannot be realized with 
an actual network, it can be approximated over the range of useful 
amplitudes and the closest approximation will yield the best transient 
response for the minimum overshoot condition. 



_I_I_l_L I _I_I 
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Normalized time. p n 

r l l o 

Fig. 6-23. Transient response of modified series-shunt-peaked amplifier. 


The response of the optimum modified series-shunL-peaked amplifier 
compared with a normalized Gaussian error curve is shown in Fig. 6-25a. 
The comparative transient characteristics are shown in Fig. 6-256. 

6-7. Equivalent Four-terminal Coupling Networks. The linear-phase 
four-terminal networks just described were based on a capacitance divi¬ 
sion of C 2 = 2CY If a circuit has a natural capacitance division the 
reverse of this, the same design procedure may be followed, with the net¬ 
work reversed as shown in Fig. 6-26. This is easily demonstrated by the 
network of Fig. 6-27a, the solution of which is 



Z,Z 


3 


z, + z, + z 


(6-35) 


If the impedances Zj and Z 3 are reversed, the solution yields the same 
result. This is an example of the well-known reciprocity theorem of 
networks. 

6-8. Other Forms. A slightly more complicated network which yields 
good transient response for a capacitance ratio of C x = C 2 is shown in 
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(6) Transient response 
Fn». 0-24. Idealized respond curves. 


Fig. 6-28, with the transient response shown in Fig. 6-29.' The perform¬ 
ance is inferior to the other design but is slightly less critical to variations 
in capacitance ratio. 

The form of modification shown in Fig. 6-28 also can be made to yield 
approximately maximally fiat responses for a range of capacitance 

1 See G. E. Valley, Jr., and H. Wallnian, "Vacuum Tube Amplifiers," p. 81, Mc¬ 
Graw-Hill Book Company. Inc., New York, 1048. 
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(c) Frequency response comparison 



Fio. 6-25. Comparison of modified combination series-shunt network with idealised 
response curve. 


^2 



Fio. 6-26. Reversed modified series-shunt-peaked amplifier for reversed capacitance 
ratio. 
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ratios rather than for unique values, as is the case for the series-shunt and 
modified series-shunt networks, although the greatest bandwidth is real¬ 
ized for the case in which the capacitance ratio is that of the maximally 
flat modified series-shunt network 


which requires that /? 2 be infinite. 

More complicated four-terminal 
networks might produce theoreti¬ 
cally better results, but the increased 
complexity and practical difficulties 
of adjustment seldom make them 



(a) General four terminal network 


worthwhile in video-amplifier design. 

6-9. Response of Cascaded Stages. 
If stages are cascaded, the over-all 
response is the product of the re¬ 
sponses of the individual stages, or if 
the gain is expressed in decibels, i.e., 



(b) Equivalent four terminal network 


Gain in db = 20 log I0 \G\ (6-36) 


Hu. 6-27. Demonstration of reciprocity. 



Fig. 6-28. Modified four-terminal network. 



Fig. 0-29. Transient response for network of Fig. 6-28 for C, ~ C 
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the over-all gain in decibels is the sum of the decibels gain of the individ¬ 
ual stages. 

It is much more difficult to establish the over-all transient response of 
a multistage amplifier, but several approximate rules may be stated 1 
which hold for minimum-phase-shift networks with very small overshoot: 

1. The over-all rise time in response to a step function is given by 

T = VT? + TV + 7V 4- * ‘ * + TV (6-37) 

where the various T’s are the rise times of the individual stages. 

2. The overshoot increases only slightly or not at all for cascaded 
stages. 

3. The following approximate relationship exists between over-all rise 
time and over-all bandwidth: 

TB = 0.35 to 0.45 (6-38) 

If the overshoots of individual stages are large, the rise time increases 
less rapidly than indicated by Eq. (6-37) but the overshoot increases 

approximately as the square root of 
the number of stages. 

6-10. High-frequency Correction 
Circuits. The amplifier coupling 
networks which have been discussed 
have been of such a form as to com¬ 
pensate partially for the h-f attenua¬ 
tion resulting from the total shunt 
capacitance of the stage involved. 
Such networks may also be designed 
to give an overpeaked type of re¬ 
sponse which may be used to correct 
for the h-f loss in some other part 
of the system. One such correc¬ 
tion is that for the loss in h-f re- 

Fio. 6-30. Use of h-f peaking circuit to 8 ponse at the pickup-tube output, 
correct for loss in h-f response elsewhere result from & choice q{ 

in system. ° , 

output load resistance of sufficiently 
high value to ensure a satisfactory signal-to-noise ratio, as discussed in Sec. 
4-12. Another correction which may be employed is for the aperture 
characteristic of pickup or image-reproducing tubes, as discussed in 
Sec. 4-16. 

One form of an h-f correction network is shown in Fig. 6-30a. The 
relative h-f gain of the correction amplifier may be expressed in the form 

i Ibid., pp. 77-80. 


/=-£m 



R,= 




L ~Rx+*t 


a) General form of high frequency 
correction circuit 



(b) High frequency correction network 
with RC input circuit 
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(6-39) 


(6-40) 

(6-41) 

(6-42) 

(6-43) 


The relative gain and time-delay characteristics are plotted in Fig. 6-31 
for various values of y/in \and for (1 + m x k n )/y/m x = \/2. These show 
a greatly overpeaked type of response and a very nonconstant time-delay 

characteristic in the region near cutoff. 

The correction network in cascade with an ideal amplifier of gain (,\ 
used to correct for an RC input-circuit response is shown in Fig. 0-30/#. 
The relative h-f gain of this combination may be expressed as 



In the special case in which 


0)2 

- — (Jo 

m, 


(6-46) 


the relative-gain equation reduces to the form 


G 

Go 



(6-47) 


where 


1 + miku 
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Fig. 0-31. Characteristics of correction network alone from Eq. (0-39). 

The relative gain and time-delay characteristics of the circuit of Fig. 
0-306 with Go constant are plotted in Fig. 6-32 from Eq. (6-47) for various 
values of q as the parameter, including the value \/2, which yields the 
maximally flat form of response. The corresponding step-function 
response is plotted in Fig. 6-33. 
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In order to design a correcting network for a known value of 


COo 




with a particular form of frequency or step-function response prescribed 
by one of the curves of Fig. 6-32 or Fig. 6-33, the desired rise time or 
bandwidth is first chosen and the value of o> 2 /\/™~i determined from the 



Fio. 6-33. Step-function response of frequency correction circuit in cascade with RC 
network. 


abscissa Scale of the applicable curve. The value of fco can then be 
calculated. The actual circuit parameters can then be found from the 
relationships expressed by Eqs. (6-40), (6-41), (6-42), and (6-43). 

Tf the correcting network is required to extend the h-f response far 
beyond that of the network for which it is correcting, it will be found 
that considerable attenuation will occur in the correcting stage and the 
gain G a of the intervening amplifier must be such as to make up for it. 
In the particular example chosen, the correcting network had a time- 
delay characteristic which tended to increase more rapidly with an 
increase in frequency. This was in such a direction as to compensate 
for the time-delay characteristic of the network be:’.* corrected for, so 
that the net result was that a tiinu-delay characteristic «.-s either an 
increasing or a decreasing function of frequency, depending u*. n the 

value of a chose” 
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The same type of correction network may be used to correct for loss 
in h-f components which have no associated phase distortion, such as 



Fio. 6-34. Amplitude characteristic of h-f correction network combined with Gaussian 
error form of response. 


the loss resulting from the aperture response of pickup tubes, 
all response of such a corrected system may be expressed as 


G 

Go 



The over- 


(0-49) 


where / 



is the response to be corrected for in terms of the reference 


frequency, o> f . 

As an example, the case is considered in which the form of response to 
be corrected for is the form of the Gaussian error curve, i.e., 



(6-50) 


The degree of correction achieved for different values of m x for 7 = -y/2 is 
shown in the plots of Fig. 0-34. The phase characteristic is that of the 
compensation network alone. If such a compensation network is to be 
used for the correction of such things as aperture response, the resulting 
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damage to the time-delay characteristic must be corrected for later by a 
phase-correction network. 

6-11. Phase-correcting Networks. In the complete television video 
system, certain problems arise in relation to the use of many cascaded 
stages. If the number of video stages in the system is known, it would 
be possible to design each one as an approximation to the Gaussian error 
curve of sufficient bandwidth so that when all stages are cascaded, the 
over-all response will still be approximately Gaussian in form and will 
have the required bandwidth. It is not always possible, however, to 
predict the total number of stages which will ultimately be in the system. 

From the standpoint of amplitude response, it would be desirable for 
the design of each stage to approach as closely as possible the sharp cut¬ 
off characteristic of the ideal stage. Then, when a number of stages are 
cascaded, the over-all cutoff point will be essentially at the same fre¬ 
quency as that of the individual stages. However, the accumulation of 
phase error near cutoff for the many stages will result in extremely large 
overshoots in the step-function response. Furthermore, h-f correction 
such as that for pickup-tube aperture response if employed introduces 
similar phase errors near cutoff. 

It is possible to design constant-amplitude phase-correction networks 
with either a leading or a lagging phase characteristic to correct for such 
phase errors. Since most of the coupling networks used are of the mini- 
mum-phase-shift variety whose phase and amplitude response are spe¬ 
cifically related, phase-correction networks must usually be of the non¬ 
minimum phase variety, generally some form of lattice or bridged T. A 
lattice shown in bridge form is illustrated in Fig. 6-35a. If the elements 
are chosen such that 

Z a Z b = R z (6-51) 


the potential E a - E b may be written as 



„ 1 - ( Za/R) 

1 1 + {ZJR) 


(6-52) 


If Z 0 and Z 6 are pure reactances X a and X b , the output may be expressed as 


tt _ f = F 1 ~ (JXq/R) 
E° Eb 1 + (jX a /R) 


(6-53) 


or 

where 



(6-54) 

(6-55) 


The time delay for any frequency component / is therefore 



2 _ 
2 kf 


tan -1 


Xa 

R 


(6-56), 
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In order to obtain a single output from the potential E„ — E bl the poten¬ 
tials E a and E b are applied to the difference amplifier as shown in Fig. 
6-356. Possible forms of such amplifiers will be discussed in Chap. 10. 





(c) Simple embodiment of phase shift network 
Kn: iElements of phase-correcting networks. 


The output of the difference amplifier may be expressed as 

E 2 = Gd(E a - E 6 ) (6-57) 

where G,, is the gain of the difference amplifier. 

The simplest possible form of constant-amplitude phase-shift network 
is shown in Fig. 6-35c. For this network, Eq. (6-56) becomes 

r- - h T 


(6-58) 
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If a reference frequency / r is defined by 

R 

U ' = L 


then the normalized time delay in terms of the reference frequency may 
be expressed as 


UT d = 4“ tan “’ 7 

J * Jr 


(6-59) 


This equation is plotted in Fig. 6-36 and may be seen to have the same 
general shape as the time-delay curve of the uncompensated resistance- 
coupled amplifier. By the proper choice of reference frequency, this 



Fig. 6-36. Time-delay characteristic of constant-amplitude phase-shift network. 

form of response may be used to correct for time-delay characteristics 
having the opposite curvature. 

An example of phase correction with this network is shown in Fig. 
6-37. The correction is for a shunt-peaked amplifier with m x = 0.5. 

A better phase characteristic is obtainable with more complicated 
phase-correcting networks. Use of the more complicated networks is, 
of course, necessary if more complicated types of time-delay characteris¬ 
tic are to be properly corrected for. 

6-12. Low-frequency Requirements of Video Amplifiers. It has been 
shown that the upper frequency requirement for a video amplifier in the 
television system is determined fundamentally by the velocity of a scan¬ 
ning beam as it traverses alternate light and dark picture areas of the 
pickup-tube target. 

The 1-f requirement was shown in Chap. 2 to be based on the need for 
reproducing large blocks of alternate light and dark regions having bright- 
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ness variations in a direction perpendicular to the direction of the scan¬ 
ning lines. The limiting case of this is the image which consists of single 
light and dark regions, each covering half of the picture area, as illus¬ 
trated by Fig. 6-38a. The fundamental video information derived from 
this is the square wave at field-scanning repetition rate, as shown in Fig. 
6-386, and the requirement on the video amplifier is that it have satisfac¬ 
tory response to this square wave of excitation. 



Fig. 0-37. Example of phase-corrected response showing correction for time delay of 
shunt-peaked amplifier. 


With the coordinates chosen to give the waveform the symmetry 
shown in Fig. 6-386, the Fourier-series representation of the picture sig¬ 
nal may be expressed as 

<*(/) = A’, sin col -f- A’ 3 sin 3u >1 -f E b sin .W + • • • 

+ A’ 2n _i sin (2 n — \)wl + ■ • • (6-60) 

The existence of only sine terms is due to this choice of reference axes 
The amplitude of the harmonic terms may be found from 



1 

7T 


I <:(l) sin (2« — 1 ) w / d(ul) 
Jo 



where c(t) = A’ in interval 0 < u>t < ir 

e(l) = —A' in interval n < wt < 2 it 
This reduces to 

2 [’ 

A in— i — ~ I A sili (2/i — I )ojI 
* Jtl 


(6-62) 


The response of any amplifier to these individual frequency compo¬ 
nents may be found, and the resultant waveform plotted by the addition 
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of these individual components, the accuracy being dependent upon the 
number of components included. 

The steep wave fronts of the waveforms are associated with the h-f 
components; therefore, the complete square-wave analysis of an ampli¬ 
fier must take into account the shunting capacitance, which determines 
the limitation upon h-f response. However, the low frequencies are, in 
general, associated with the flat tops, and for this type of analysis the 
effect of the shunting capacitances may be neglected. 

The Fourier-series analysis applied to the 1-f equivalent circuit of most 
amplifiers shows that the sinusoidal amplitude response must be good at 

a much lower frequency than that 
of field repetition rate, even though 
this is the lowest frequency compo¬ 
nent present. This is particularly 
true of the resistance-coupled ampli¬ 
fier. It is not necessary to make a 

(a) Picture signal for low frequency evaluation CQmplete ana l ys is of the response 




T=Vertical scanning period 

( 6 ) Video signal derived from image of (a) 

Fio. G-38. Basic information for deter¬ 
mination of 1-f requirements. 


to illustrate the effect of phase shift. 
Only the 1-f components need be 
considered. 

The signal-voltage waveform of 
Fig. 6-386 is applied to a mythical 
amplifier having perfect amplitude 
response at all frequencies of in¬ 
terest. Components of this wave¬ 
form are shown in Fig. 6-39a. The 
sinusoidal curves represent the fun¬ 


damental and third harmonic, respectively, whose amplitudes are found 
from Eq. (6-61). The shaded area represents the difference between the 
fundamental and the resultant square wave and therefore the contri¬ 
bution of all components other than the fundamental. 

If the amplifier, having perfect amplitude response, has a leading phase 
shift of 5° to this fundamental component, the output waveform consists 
of this displaced fundamental component added to the shaded area of 
Fig. 6-39. The resultant waveform is that of Fig. 6-396. Inspection of 
this waveform shows that, for a 5° phase shift of the fundamental com¬ 
ponent, there results an approximate 10 per cent “tilt” across both the 
top and bottom of the resultant wave, measured as a percentage of peak- 
to-peak amplitude. 

The following approximate rule may be stated: An amplifier having 
perfect response to all frequency components present in a square wave 
except for a phase shift of the fundamental component produces a tilt of 
the top of the amplified square wave of approximately 2 per cent of the 
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peak-to-peak amplitude for each degree of phase shift, the approxima¬ 
tion being good for phase shifts of 5° or less. 

It is apparent from observation of Fig. 6-39a that any phase shift of 



Pm. Square-wave analysis and distortion duo to pliu.se shift of fundamental 

component. 

the third- or higher-order harmonies in the same direction acts to pro¬ 
duce more tilt. 

These results may be applied to the simple resistance-coupled ampli¬ 
fier to give an approximation of the square-wave response, the results 
being valid only to the extent that the higher-harmonic phase shift may 
be neglected. 

The 1-f phase shift of the resistance-coupled amplifier is 



u 

f 


rad 


(6-63) 
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which for small values of 0 may be written as 

0 — y rad (6-64) 

The above equation when expressed in degrees can be written in the 
form 

L = 57 3 _ (6-65) 

fi 0 in deg 


This equation clearly shows the improvement which must be made in 1-f 

response where/is the fundamental 



frequency of the square wave and/i 
is the 70.7 per cent response point. 

The relationship may be expressed 
in terms of the allowable tilt as 


/ = 57.3 X 2 

U 5 


( 6 - 66 ) 


where 5 is the allowable tilt ex- 


(o) Actual circuit pressed in per cent. 

The validity of the use of the 
above equations lies in the fact that 
the amplitude response is still good 
in the region in which phase shift 
begins to be important. Inspec- 
(6) Idealized equivalent circuit tion of the universal amplification 

curves and phase-shift curve shows 




this to be true. Equation (6-66) 
gives rise to an optimistic answer for 
a required value of ///\ since it neg¬ 
lects the third-harmonic phase shift, 
which is appreciable. Even so, if 


(c) Practical equivalent circuit the allowable tilt is assumed to be 

Fio. 6-40. Low-frcquency compensation g cenfc> solution 0 f Eq. (6-66) 

of rcsistance-coupletl amplifier. fQr the requimi va l ue of /, if 60 


ops is the fundamental frequency of the square wave yields a value of 


approximately 1 cps. , , , , , 

6-13. Improvement of Low-frequency Response. The study of h-f 

compensation of video amplifiers showed that the basic means of extend¬ 
ing the frequency range was to modify the plate-load impedance in such 
a way as to compensate, at least partially, for the increased admittance 
of the total shunt capacitance. At the 1-f end, the plate-load impedance 
may be made to increase with decreasing frequency in order to compen¬ 
sate for the decrease in output voltage due to the increasing reactance of 
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the coupling capacitance. Two particular methods are discussed as 
follows: 

Method A. The simplest means of extending the 1-f response is that 
shown in Fig. 6-40. 

If an unlimited voltage supply for the plate is available, R d can increase 
without limit and the equivalent circuit of (6) is valid. In this case, the 
gain relative to the mid-band gain is given by 

G _ R 02 + (1 //«£*) 

Go 


(6-67) 


Ri [Ri. + (1 /jwCd)] + (ft+ (1/iwC,)] 

Inspection of this equation shows that the relative gain is independent 
of frequency provided the circuit constants are chosen such that 

R L C d = ft, 2 C c (6-68) 

This relationship is satisfactory to yield by means of calculation the 
proper values for the compensating elements but does not give directly 
the lower frequency limit for which compensation is achieved in the prac¬ 
tical case of finite R d . For this determination, a solution of the circuit of 

Fig. 6-40 is necessary. 

Solution of this circuit for relative gain yields 

G 1 _ 


Go Ri . juRotCc + 1 fti.(l + juCdRd) _ 

R v 2 jmCcRgi Rtf + ju)C d R d ) + R d 


(6-69) 


Usually, in video amplifiers RJR 0 2 is very much less than unity and can 
be neglected in the above equation. With this approximation, some 
manipulation of the resultant equation yields 

G _I_ 

1 + jwRg/'e 1 + juC d R d 


_ Rl _ _ _ 

R l -f Rd ju( eltgz 


(6-70) 


1 1 ; /i ftrfftf. 

1 + Hi + W L 


If the circuit constants are chosen such that 

ft,.ftd 


C,R 


0 2 


c 


Eq. (6-69) may be written as 

G^ = 

Go 


Rl + ft* 


1 


(6-71) 


R, C d Rd 


+ 


ft/. 


1 


(6-72) 


Rl + ft* 6'cft C 2 Rl + ft* juCcRgi 


which reduces to 


G 

Go 


1 


1 - j 


Rl 


Rl + ft* f 


(6-73) 
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This result shows that the form of response is the same as that of the 
simple uncompensated resistance-coupled amplifier, and the universal 
amplification curves may be used if the correct interpretations are made. 

It is apparent that the point at which the response is 70.7 per cent of 
the mid-band value now occurs when 



Rl /. 
Rl + Rd 1 


(6-74) 


This equation shows that, the higher R d can be made, the better the com¬ 
pensation. In the limiting case, Eq. (6-71) reduces to Eq. (6-68). 



Fi<a. 6-41. Step-function response of 1-f compensated amplifier. 


However, even for low values of R d , the criterion expressed by Eq. 
(6-68) leads to a better square-wave or step-function response than that 
given by Eq. (6-71). The step-function response is compared with the 
uncompensated response in Fig. 6-41. It can be seen that the response 
at the beginning of an input square wave starts out with zero slope when 
the criteria of Eq. (6-68) are used and drops off much more slowly than 
it does for the case of Eq. (6-71). 

Method B. An extension of the simple method of compensation is that 
shown in Fig. 6-42. If the reactance of C. is negligible at any frequency 
of interest, or if C. does not exist (i.e., a direct-coupled amplifier), the 
approximate equivalent circuit of (h) is valid. 

From the circuit of (6), the relative gain is found to be 



R 


Rl. + 7— 


Rd 


0 2 


1 + juC d Rd 


R 


0 


+ ,—; 


Rl 


1 + jccCdRd 


^ + (^Ru2 


+ 


Rc _\ 

juC'Rj 


1 + j*C 


(6 -75) 
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Inspection of the above equation reveals that the gain is independent of 
frequency if 

Rd z const ( Roi + 1 + juRcCj 


Rl + 


1 + juCdRd 


(6-76) 


This is true if the following condi¬ 
tions are met: 


Rl 

R* 

Cd 

C ( 


Rq2 

R e 

R e 

Ra 


(6-77) 



Re „ 

d 2 C. S' 2 

m 


C c 


Rg2 
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(a) Actual circuit 


I- ~g m Eg 



l-~g n E> 


(6) Simplified equivalent circuit 

Re c, 

r*\ 



These equations show that if C. is 
not used, the response is perfect for 
all frequencies, including d-c. How¬ 
ever, the values of the circuit con¬ 
stants become very critical in the 
range of frequencies in which com¬ 
pensation takes place, and usually 
some circuit-parameter controls 
must be provided to correct this. 

In the practical case of the a-c 
coupled amplifier, C, is made as 
large as possible, the practical limi¬ 
tation arising from the fact that 
leakage resistance decreases with 
increasing capacitance. 1 he cir¬ 
cuit arrangement shown for ( . pro¬ 
vides d-c isolation from critical 
points in the circuit to the extent 

that stray capacity to ground of such a large capacitor does not affect the 

h-f response. . . . , 

In order to determine the effect of C. if it is not sufficiently large, the 

circuit of Fig. 6-42c must be solved. 

If the components in this circuit are not very close to their computed 

values, the resulting low-frequency distortion results in serious over¬ 
shoots in the transient response. Therefore it is usually necessary to 
make one or two of the circuit elements adjustable. For this reason, 
this form of low-frequency compensation is used much less frequently 

than that of Fig. 0-40. 



(c) More accurate equivalent circuit 

Fio. 6-42. Second method of 1-f com¬ 
pensation. 



CHAPTER 7 


TRANSIENT ANALYSIS OF CIRCUITS 

7-1. Introduction. The output waveform of voltage or current from 
an idealized pickup tube as the scanning beam traverses a light-dark 
boundary is the step function. Specification and analysis of perform¬ 
ance of video amplifiers in terms of this fundamental unit of information 
yield, perhaps, a better criterion of performance than the steady-state 
or frequency-time-delay characteristic, although both methods are com¬ 
plementary to each other and a knowledge of the relationship between 
the steady-state and transient response (response to the step function) 
of a system is necessary. These relationships were shown for various 
specific coupling networks in Chap. 6, and empirical rules were given for 
the correlation between the types of responses under certain restricted 
conditions. 

Where the excitation applied to a linear system produces voltages or 
currents differing in form from the excitation, a-c circuit theory can no 
longer be directly applied and analysis must involve the solution of the 
fundamental differential equations of the networks with appropriate ini¬ 
tial conditions applied. This analysis is often a difficult matter for com¬ 
plicated networks. In the case of video amplifiers, it is sometimes use¬ 
ful to obtain the transient response of certain idealized networks in order 
to arrive at general rules for predicting actual amplifier behavior. 

Aside from the video-amplifier problem, because of the nonsinusoidal 
but periodic nature of many waveforms in the television system, it is 
important to make the transient behavior of the circuits involved as sim¬ 
ple to evaluate as possible. 

7-2. The Differential Equations of Circuits. As a simple example, 

the network of Fig. 7-1 is considered. The voltage equation for this cir¬ 
cuit is 

r ' = ri + L jt + lf idl ( 7 - ] ) 

The solution for the current i and then the output voltage Co is obtain¬ 
able only if the form of excitation e x is specified and if the condition of 
the network at the time of application of excitation is known. A solu- 
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f ,(0 


tion for the response can then he obtained by classical methods . 1 More 
complicated circuits may involve the simultaneous solution of several 
such equations, some of which may contain higher-order derivatives. 
Exceptfor relatively simple circuits, 
the classical methods become cum¬ 
bersome, and other methods must 
be employed. 

7-3. The Fourier Series and Fou¬ 
rier Integral. 2 The response of net¬ 
works to excitations which repeat pe¬ 
riodically, as has been pointed out 
in earlier chapters, can be expressed as a Fourier series. This represen¬ 
tation allows the input excitation to be expressed as a harmonic series, 
the response of the circuit to each harmonic to be evaluated, and the 
resultant output waveform synthesized from the harmonic outputs which 

result. . . 

This method of evaluation usually is not practical for general circuit 

analysis, but the Fourier series can be used as a starting point from which 



Fig. 7-1. Simple series circuit. 



other more conveniently handled methods can he developed. The gen- 
oral form of a Fourier series may he written as 


)W = V + 


to 

2 

n * 1 






cos nx 4- 


2 
n — 1 


nx 


(7-2) 


where 


f(x) cos nx dx 


i /■""' 

= 

IT la 

/ " '■ 

/, = _ / f(r) sin nx tlx 

IT Ja 


(7-3) 


(7-4) 


According to Kq. ( 7 - 2 ), any waveform is expressible within the limits a 
to a + 2 jt regardless of what it does outside of these limits, as indicated 
in Fig. 7-2. Any restriction of its application to periodic waveforms with 

1 For application of classical methods of solution of differential equations to electric- 
circuit problems, see W. Ul'agc and S. Seely. ‘‘General Network Analysis,” Chap. 
XII, McGraw-Ilill Hook Company, Inc., New ^ork, 1962. 

* Applications of the Fourier series and Fourier integral in circuit analysis 


Appl 

found in ibid.. Chap. XI. 


may be 
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a fundamental period equal to the repetition period of the function lies in 
the use of rather than in the mathematical formulation of the function. 
If the waveform is a time-varying function, the Fourier series may be 

written as 

f(t) = -j- ai cos ut + a 2 cos 2a d 4- • • • + cos nut 

4- b i sin a it 4~ bi sin 2a >t 4* • • • + b n sin nut (7-5) 

where 

/ +»/« . 

f(t) cos nut dt (7-6) 

-Tr/lj) 

/ +r/u) 

/(/) sin nut dt (7-7) 

- TC / U> 

This representation arbitrarily places the reference axis in the center 
of the expansion interval. The series may also be written as 

/(*) = + C, cos (ut + <*>,) + C 2 cos [2ut + *»)+••* 

4- C„ cos (nut 4- <t> n ) (7-8) 


where C n = y/a n 4- b n \ <f>n — ~ tan 1 ( b„/a n ). 

The series may be written in the more compact exponential form as 


where a n is given by 


m = Q;n^^n " , 

n — — » 

(7-9) 



- " / /(0e~' W dt 

6* J - »/« 

(7-10) 


and is related to the constants a n and b„ by 

An ~ jbn 
2 

a n + jbn 


ac n = 


a_„ = 


The coefficient a n is complex and can be expressed in terms of its magni¬ 
tude \a n \ and its phase angle <*>„. 

A plot of a„ as a function of u is a series of vertical lines at discrete 
values of nu as shown in Fig. 7-3 and is known as the amplitude spectrum 
of the function f(t). Similarly, a plot of <*>„ is the phase spectrum. 

Equation (7-10), specifying the value of the various Fourier coefficients 
as a function of nu, is referred to as the Fourier transform of f(t) and f(t) 

as the inverse Fourier transform of a(nu). 

If the Fourier series is used to represent the excitation of a physical 
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network (or idealized network) by a nonsinusoidal function, the wave¬ 
form of excitation must be a repeating function with the repetition period 
being the period of the fundamental Fourier component as shown in Fig. 
7-4, if the response is to be found as the sum of the individual responses to 
the harmonic components. In this case, the assumption is made that the 
function has reached “steady state,” i.e., every repeating period is like 
the preceding period. Mathematically, this implies that the excitation 
has been continuing from t = — * - 




ll 


jrh! 

-U) CO 


\ 


\ 


\ 


it. 




.i-i r. 


n co 


:o 

Fio. 7-3. Amplitude spectra of Fourier series representing a specific waveform 



If the fundamental interval for the Fourier-series representation of a 
function which is chosen becomes longer and longer, the fundamental fre¬ 
quency becomes lower and lower until in the limit the period reaches 
’ from - « to +« and the fundamental frequency approaches zero. As 
this limit is approached, the series becomes an integral by a limiting 
process and is expressed as 

/(() = j+ ' F(w) dw (7-11) 

where 

f( " ) = l /:; m ji (7_i2) 

The first of these relationships is the Fourier integral. The function F(«) 
is the Fourier transform of/(I), and fit) is the inverse transform of F(«). 
The amplitude and phase spectra become continuous functions. 

If a network is excited by a single-frequency voltage source, the out- 
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put current is given by I2 = E1Y12, where Y12 is the transfer admittance 
of the network, and the output voltage is given by l 2 Z Lf where Z L is the 
load impedance. If a current source is used, the output voltage is given 
by E 2 = I 1 Z 12 , where Z J2 is the transfer impedance of the network. In 
general, it is convenient to think of the transfer function of the network 
as H(«), which may be either the transfer admittance or the transfer 
impedance, the input excitation, whether voltage or current, asfi(t), and 
the response function SLsf 2 (t). Where either impedance or admittance is 
understood and it is not desired to specify which, the term immittance is 
often used. 

The transfer immittance is, in general, complex and can be expressed as 

H(«) = H( co)e-' # (7-13) 

The choice of the sign in the exponential is to make lead angles negative 
and lag angles positive. This will result in time delays expressed as posi¬ 
tive numbers. 

The response of the network may be expressed in Courier integral form, 


f 2 (t) = f+J F(«)H(co) (7-14) 

where F(w) is the Fourier transform of the excitation and H(a>) is the 
transfer function. This relation shows that the time response is express¬ 
ible in terms of the frequency characteristic of both the applied function 

and the network. 

In general, both F(«) and H(w) are complex and may be expressed as 


F(w) = F(o)t» M 
H(«) = H(u>)e-’ 9M 


(7-15) 


ITsing the above relations, Eq. (7-14) can be written as 

f 2 (t) = F(to)H(a) du (7-16) 

The product F(u>)H(u) is the amplitude spectrum of the resultant wave¬ 
form, and <t> — 0 is the phase spectrum. 

7-4. Idealized Responses. The ideal response of a video system 
(aside from signal-to-noise-ratio considerations) would be one in which 
the amplitude characteristic is constant for all frequencies and the phase 
characteristic varies directly with frequency, i.e., 

H(u) = K = const j-s 

6 ( 0 ,) = u>t d 


where t d is the time delay, which is constant for all frequencies. 
For this type of response, from Eq. (7-14) 

f t (t) = K F(cij) do} 


(7-18) 
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The integral in Eq. (7-18) is seen to he identical in form with Eq. (7-11) 
with t replaced by / — U and 

/t(0 = KMt - U) (7-10) 


h(co) 


The above equations show that the response is identical to the input func¬ 
tion except that it is delayed by a 
time t d . 

Obviously, the ideal response can¬ 
not be obtained with a physical 
system, both because of the impos¬ 
sibility of obtaining infinite pass 
bands as well as arbitrary restric¬ 
tions on use of the space available 
in the r-f spectrum. Therefore, a 
modified form of idealized response 
which might at least be approxi¬ 
mated is shown in Fig. 7-.j, where the response //(u>) = A' ; , through the 
pass band — u) r to + «, and zero elsewhere, and 0 is proportional to 
frequency. 

If the excitation /i(/) is a step function, i.e., 



fid) = o 

fid) = hi 


for ( 
for / 


0 

0 


then, from Eq. (7-1*2) 


F. 


-) - & I, 


dt 


This integral does not yield a unique value and hence cannot be used 
directly. The value of the integral can, however, be determined by 
letting 

/,(/) = 0 for / < 0 

fi(t) = Kn~ a ‘ for / > 0 

In this case, with a vanishingly small, this and the previous function do 
not differ for any useful values of t. The transform of this newly defined 
function is 

, K 2 1 
FM = a~Tj; 

Thus, fi(l) can be expressed us 

' 1 - t ;-U >.< 

w (7-20) 

The results may be found, partly from the methods of contour integra¬ 
tion, to be 1 

1 Sec Ond. t Chap. XIII. 
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Mt) = k,k 2 \\ + - «w< - to) 1 

7r 


(7-21) 


where the term of the form si(x) is given by 


si(x) 


J ' x sin u 
o u 


du 


(7-22) 


A plot of Eq. (7-22) is shown in Fig. 7-6, and a plot of the entire 
response is shown in Fig. 7-7. This idealized response to the step func¬ 
tion is seen to have a time delay t d which depends upon the slope of the 
phase characteristic, a rise time which is inversely proportional to the 



Fio. 7-6. Plot of sine-integral function. Fig. 7-7. Idenlized-resfH.nse characteristic 

of sharp-cutoff filter. 


cutoff frequency, a transient overshoot of period 2ir/o3 e with an amplitude 
of 8.75 per cent, and an anticipatory overshoot of the same period and 
magnitude. The anticipatory overshoot is not physically possible, which 
indicates that the idealized type of response specified also is not phys¬ 
ically realizable. 

The time response for the idealized sharp-cutoff type of filter is shown 
in Fig. 7-7. In this case the transient overshoots are due, not to a non¬ 
linear phase characteristic, as they might be in part in a physically real¬ 
izable structure, but to the absence of frequency components beyond cut¬ 
off. It might well be argued that the oscillatory overshoots are of no 
importance in the idealized type of response if used in the video system, 
provided the cutoff frequency oj e is of a frequency greater than that cor¬ 
responding to the resolution of the eye, or if it is of a greater frequency 
than that passed by succeeding parts of the system. This is perfectly 
true for the idealized system and is true for physically realizable responses 
only in so far as the phase shift of the system does not produce overshoots 
of a period longer than that corresponding to or if such overshoots 
are produced, they must be of sufficiently small amplitude so that the 
result is not visible in the reproduced picture. 

The Gaussian Error Curve. Another form of idealized response is the 
Gaussian error curve with linear phase characteristic which can be 
expressed by 

H(«) = Kx 

and has the general shape shown in Fig. 6-24 and Fig. 7-8a. 


(7-23) 
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If the excitation is the approximate step function having the frequency 
spectrum 

K 2 


H(«) = . 


2jr(a + jio) 


then the response is given by 


/*(/) = ~o~ / - <iu 

2tt I - x Ct + JO) 


(7-24) 


The result when a is allowed to approach zero is plotted in Fig. 7-86 
for a value of a such that the point of half response (6 dh loss) corre¬ 
sponds to the cutoff frequency for 
the sharp-cutoff idealized case. 

This is done by letting a new con¬ 
stant b be defined by 

I) 

a = — 

which makes the frequency charac¬ 
teristic 

— ( 6 —* 

H(«) = AV v 

If the response is down 6 db at w,, 
then the above equation becomes 

The transient response has the 
same slope as that of the idealized 
sharp-cutoff case, but the transient 
overshoots have entirely disappeared. Again, this response is not physi¬ 
cally realizable but can be approximated very closely by the modified 
combination series-shunt network as pointed out in Sec. 6-5. The phase 
characteristic of this network is linear out to an appreciable fraction of 
a )/u) e = 1. It is thus seen that this second type of response is more nearly 
realizable than the first and at the same time gives a more desirable 
transient characteristic. 

The Fourier integral is useful for the evaluation of idealized response 
characteristics, as has been demonstrated, but is much less useful for the 
determination of actual network responses. This is due to the imprac¬ 
ticability of evaluating most of the integrals which arise in the determi¬ 
nation of the inverse transform of the network in combination with some 
excitations such as the step function. As a matter of fact, the response of 
the idealized sharp-cutoff filter to the step function was obtained only by 
multiplying the step function by the factor t~ a ‘ in order to make the 
integral defining its transform converge. 



(a) Normalized frequency characteristic 
of Gaussian error response curve 



(6) Transient response of Gaussian error curve 

Fuj. 7-8. Characteristics of Gaussian 
error type of response. 
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7-6. Operational Methods. The Fourier integral and other known 
mathematical tools have made possible the evolution of operational 
methods for solution of the differential equations of networks. The 
most widely known and used of these until recent years was the opera¬ 
tional calculus based on the earlier work of Heaviside 1 and extended by 
others. The operational methods treat the quantity p = d/dt as an 
operator. Thus, wherever d n /dt n occurs it may be replaced by p n . Simi¬ 
larly, the quantity 1/p refers to the inverse of p, that is, integration. 
These operators are treated as algebraic quantities in the formulation 

and manipulation of network equations. 

The operational technique of Heaviside involved a specific form of 
excitation called the unit function 1. Thus, the notation El refers to a 
voltage of amplitude E suddenly impressed at time 1 = 0. It is phys¬ 
ically the same as the step function of unit amplitude to which reference 
has already been made. The response to the unit function is termed the 
indicial admittance A(<). With the unit-function excitation Eq. (7-1) 
becomes 

1 = RA(t) + LpA (() + ^ -4(() (7-25) 

This notation implies that certain mathematical procedures may be 
employed in the solution of the equations provided that no initial charges 
or currents exist in the circuit before excitation is applied. One implica¬ 
tion is that algebraic manipulations may be performed on the circuit as 
though a steady-state problem were being solved, the difference being 
that the quantity ju = X is replaced by the operator p. After equations 
are algebraically manipulated to one of the standard forms, the solution 
may be found in tables of operational formulas or evaluated by the use 
of certain theorems, one of the most useful of which is the Heaviside 
expansion theorem, which states 

A W = z{ o) + X X*Z'(X*j '* 7 ' 26) 

k ~ l 

Z(X) is the steady-state impedance of the network with X = ja and is 
expressed as a ratio of polynomials in X. Z\\) is the derivative of this 
impedance. Z(0) is the impedance at zero frequency. There are as 
many terms in the summation as there are roots in the numerator of the 
equation, Z(X) = 0. In each term, X is replaced by one of these roots. 
This particular form is restricted to linear dissipative networks with 
non repeated roots. 

The basic limitation of the operational method lies in the fact that 


1 Among several valuable references treating this method in detail is V. Bush. 
“Operational Circuit Analysis,” John Wiley Sons, Inc., New York, 1937. 
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special artifices must be used in order to take initial charges or currents 
into account, also in the mathematical complexity if waveforms other 
than the unit function are employed, although solutions are obtainable 
by means of the superposition theorem given by 

i(t) = ~ f A(t - x)e(x) dx c(0) = 0 
at Jo 

or (7-27) 

i(l) = j ( J q A ( x)e(t - x) dx e(0) = 0 

Alternate forms are 

i(0 = e(0)A(l) + J o A (x) z) dx 

or (7-28 ) 

HI) = «(0).4(0 + [' A(t-x)^dX 

Jo X 

In these equations, x is merely a variable of integration, and any other 
symbol could as well be used. The expression A (t - x) or e(t - x) 
means that wherever t occurs in the expression, it is replaced by (t - x), 
and the expression A(x) or e(x) means that wherever t occurs in the 
expression it is replaced by x. 

7-6. The Transformation Calculus.' The Fourier transform and its 
inverse may be regarded as transformations between the frequency 
domain and the time domain. By the use of such transformations it is 
possible to express the time response of a network to an applied excita¬ 
tion in terms of the frequency characteristic of the applied excitation and 
the frequency response function of the network In practice, however, 
the method is limited because of the difficulty in evaluating the integrals 
which arise. 

However, if the Fourier transform is modified by admitting only time 
functions for t > 0 which are modified by the factor in order to make 
the integral convergent, it may be written as 

- s 1‘fW^-dt 

where s = c -f* jut. 

1 See S. Goldman, “Transformation Calculus and Electrical Transients,” Prentice- 
Hall, Inc., New York, 1949. The term transformation calculus was coined by this 
author, although the methods to be discussed here of the I^iplace transform in the 
solution of networka previously had extensive use. 

Among earlier works which treated the methods to be described here in detail are 
M. F. Gardner, mid G. A. Ilarnes, “Transients in Linear Systems,” John Wiley & Sons, 
Inc., New York, 1942, and R. V. Churchill, “Modern Operational Mathematics in 
Engineering,” McGraw-Hill Book Company, Inc., New York, 1944. 
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A function which differs from the above only by a factor 2ir, defined as 
the Laplace transform of the function f(t) is 

H*) = f 0 ‘Klh-dt (7-29) 

and its inverse is 

m = f-: r + '" F(s) t "‘ds (7-30) 

J C —j ao 

These functions are represented symbolically as 

F(s) - £[/(/)] (7-31) 

m = £~'[F(s)] (7-32) 

The inverse Laplace transform of Eq. (7-30) is obtained from the inverse 
Fourier transform of Eq. (7-11) by replacing F(gj) by F(s)e et /2ir and 
doj by (1 /j)ds, then changing the limits of integration to correspond to the 
change of variable. 

Solution for the inverse transform involves integration in the complex 
plane, which requires a working knowledge of the functions of a complex 
variable. However, inverse Laplace transforms can be evaluated for a 
much larger number of functions than can inverse Fourier transforms. 
The method is more applicable to the solution of actual networks than is 
the Fourier integral and can be formulated in such a way as to take ini¬ 
tial conditions into account. 

7-7. Use of the Transformation Calculus for the Solution of Differen¬ 
tial Equations of Networks. As a simple illustration of the use of the 
Laplace transform and its inverse, the differential equation (7-1) repre¬ 
sented by Fig. 7-1 is multiplied by e~ tl and integrated as indicated below, 

J e t (<)«— 1 dt = J q Rii(t)e-‘ dt + f Q Lpi(t)e-‘ dt 

+ i / - dt (7-33) 

C Jo p 

which according to Laplace-transform symbolism is 

EM = RJ(s) + L / pi{t)e - 1 dt + ± f - i(t)e - 1 dt (7-34) 

J 0 L Jo p 

It should be observed at this point that this equation does not specify 
a particular waveform of excitation. E x (s) merely represents the eval¬ 
uation of the Laplace integral, and so long as this integration can be per¬ 
formed, Ei(s) may be found. However, in accordance with the original 
definition, it does imply the nonexistence of the function for values of l 
less than zero. 

It may also be observed that Eq. (7-34) involves the transforms of 
derivatives and integrals. If the original differential equation had con- 
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tained higher-order derivatives, transforms of these, of course, would 
have also appeared. In general, in order to obtain F(s ) from/(f), it may 
be necessary to evaluate the transforms of derivatives and integrals. 
These transforms are obtained by manipulation of integrals of the form 

/ 0 ' /(<)«-“ dt 

by separating them into the form for integration by parts, i.e., 

fu dv = uv — fi< du 

Such manipulations can be made to result in the following forms: 

4p/«] = f‘ pf(t)‘-'dl = *£[/(()] - /(0) 

JE[p ! /(OI = l" P ! /(0<~" dt = *»£[/(/)] - »/(0) - pf( 0) (7-35) 

£|p J /(0] = f 0 " p‘!V)t~" dt = «’£(/(()] - s ! /( 0) - spf( 0) - p'-f( 0) 


where /(()) means the value of /(/) at / = 0 and p'f( 0) is the value of the 
nth derivative of f(t) at l = 0. 

Transforms of integrals may be found in a similar fashion, some of 
which are 



= 7 £[/(')] + 

n 


'-(£) 

* \7V o 




1 


= *[/(')1 + f, 


8 


:■ ii). * i (ft+i (ft 


(7-3G) 


where (//p) 0 refers to the value of the integral of i dt at t = 0. The terms 
involving (f/p n )o refer to initial conditions in an actual network at l = 0. 

Equation (7-34) may, by making use of the above relations, be writ¬ 
ten as 

EM = Iil{8) + />»/(«) - Li{ 0) + ^ /(«) + ~ (7-37) 

which when solved for /(#) is 

„ , 1 s\EM +IA{ 0) - (l/C«)(i/p) 0 ] 

/(s)= /, -»» + («//.)« + (1 HO - (7-38) 

This equation is valid for any waveform of excitation EM) applied to 
the circuit at l = 0. The quantity EM) is the transform of e x {t). For 
example, if a(t) is the step function of amplitude E, then 

EM = / Et—dl = - 

JO 8 


(7-39) 



210 FUNDAMENTALS OF TELEVISION ENCINKElUNG 

and the transform equation (7-38) becomes 


r,, _ 1 E 4- Lsi( 0) - (1/O(»7p)o 
W L 8 2 + (/2/L)« 4- (1/LC) 


(7-40) 


This transform equation contains both the excitation applied at t = 0 
and information concerning the condition of the network at the time exci¬ 
tation is applied at t — 0. If the capacitor is initially charged to a poten¬ 


tial E c0 at the time the switch is closed, then 


i C J ). - 


E e o. If a cur¬ 


rent, due to some previous excitation 7 0 , is flowing at the time the new 
excitation is applied, the initial value of current is t(0) = I o, since the 
current through the inductance cannot change instantaneously. If the 
switch had been open prior to t = 0. f(0) would be zero. If this condi¬ 
tion is assumed, Eq. (7-40) may be written in the form 



E - E c0 1 

L s 2 4- (R/L)s 4- (1 /LC) 


(7-41) 


The corresponding time function i(t) is found from the evaluation of the 
inverse transform of the above equation, i.e., 


i(0 - £-■[/(«)] = ~ r / ( i >"<*« (7-42) 

J c—j ao 


Such integrals may be evaluated by the methods of contour integra¬ 
tion in the complex plane. However, for many functions, it is unneces¬ 
sary that this be done, since such functions occur frequently enough in 
engineering so that they have been evaluated and can be found in tables 
of Laplace-transform pairs in the same manner that ordinary integrals 
can be found in tables. Such a table is given in Appendix B. From the 
table of transform pairs, it may be noticed that the transforms contain¬ 
ing polynomials in s are always given in factored form.and that where the 
denominator of the transform equation contains such polynomials, differ¬ 
ent solutions are given, depending on the nature of the roots of the 
equation. 

For the solution of Eq. (7-41), we look for the inverse transform of 

1 

s 2 + (R/L)8 + (V/LC) 

The roots of the denominator are given by 



If 1 /LC < (7?/2L) 2 , the roots are real and are given by 5 = —a and 
s ~ y, where a = (It/2L) - \Z(R/'2Ej- - (\/LC) and 
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’-©+ M)' - fe) 

In this case, we find the inverse transform of 

1 

(s + a)(s + 7) 

which from Eq. (B-4) is 



The complete solution of Eq. (7-41) is, therefore 



This result for real roots is usually referred to as the nonoscillatory, or 
overdamped, case. 

If 1 /LC = R/2L, the roots arc equal and the inverse transform of 


1 

(s + a) 2 

must be found, where a = li/2L. The solution is found from Eq. (B-22) 
as te~ at \ so the solution for current is 

i(t) = E ~ E ‘° (7-44) 

This result represents the critically damped case. 

If 1 /LC > (H/2L) 2 , the roots are complex and the solution is found 

from Eq. (B-12) for 

(« + a) 2 + 0* 


where the roots are s 


The solution is 


— a + j& and x — — a — j&, also a = I{/2L and 



«(0 = 


E - Ero 


y/(\/LC) - Ui/2L) 


j<7-45) 


This is the underdamped, or oscillatory, case. 
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If the output voltage e 2 (t) across C had been desired, it could be found 
in each of the three cases outlined above from 



or the original equation could have been written in terms of the voltage 
by substituting 

• _ r dec di _ r d*ec 
1 _ L dt dt ° dt 1 


leaving the equation to be solved, 


d 2 e c 

~dt? 


■ R d€e , 
+ L 1t + 


1 

LC e ‘ 



ei/LC 


The solution can be found by the same processes as those used in the 
solution for current. 

7-8. General Transform Equations of Networks. The transient 
response of networks may be formulated in terms of Laplace transforms 
in the same manner as is done with Fourier integrals, where the circuit 
is initially relaxed and the excitation is zero prior to t = 0. 

If the excitation fi(t) is applied to a network having a response func¬ 
tion H(w) and the response can be found in terms of the variable s, that 
is, H(s) can be determined, then the response is given by 

/,(«) = P " ds (7-10) 

3 Jc—j « 

Where the circuit is initially relaxed and no initial conditions are to be 
evaluated, the response function H(s) is given by 

H(s) = H (i«) 


that is, s = ju. This is easily verified in the previous example, for 

f(0) = 0 and ^ = 0. Formulation of H(s ) in this manner avoids 

most of the steps in the solution of the preceding example, where the 
steady-state response is already known. 

As an example, consider the shunt-peaked amplifier with relative gain 
given by Eq. (6-24). When the substitution g m R L — Go is made, the 
response may be written as 


tt/ • -v _ 1 + „ 

H ° W) ” 1 - +j{ co/co 2 ) 9mKt 


(7-47) 


tvhich can be rearranged in the form 


xjf • \ _ gmRtut[(ju) -f (a? 2 /mi)] _ 

UO)) 0*«) 2 + («*/mOO«) -b («,V»|) 


(7-48) 
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The transform equation H(s) is therefore 


is, s _ 4- (mMQ] 

s 1 + (wj/mi )s + («i*/w t ) 


(7-49) 


If the excitation to the grid of the shunt-peaked amplifier is the step 
function of amplitude E, its transform is 


EM - f 


The response as a function of time can be found from 

s + (toj/mi) 1 


®t(0 — QmR lElOi£ 


[«(«* 


4- (a»a/mi)s 4- 

This result may be expressed in amplitude-normalized form as 

8 4" ( 102 /m 


G(t) g m V L E ‘ ..[«« 


4* (uj/mi)s 4- 


0_ 


(7-50) 


(7-51) 


(7-52) 


where G(t) is the output as a function of time relative to the final output. 

The inverse transform may be found from Eq. (B-7), where the roots 
of the denominator are real, and from Eq. (B-16) if the roots of the 
quadratic are complex. 

The roots of the quadratic are real for m, less than 0.25, and the solu¬ 
tion is 


0(0 = 1 4- 


m\{ 1 - Vi ~ 4~m~i) - ~ (i + \/i-4m,x 

(1 4- y/\ — Ami) \/l — Am x 
m,(l 4- \/T - Am x ) 


(1 — y/\ — Am i) \/l — 4mi * 


~2ml (1 ~ Y* — 4i»u)l 


(7-53) 


For values of m, greater than 0.25, the roots are complex, and the relative 
response is 

G(l) -= 1 4- - 

V Am { — 1 

Sin [- L ^T-- < + 2 tan-' (V4m, - 1 - t) j (7-54) 

'These results were plotted in Fig. 6-10. 

The more complicated transfer functions are handled in a similar man¬ 
ner although evaluation of the inverse transform is more difficult. For 
example, the modified combination series-shunt-peaked amplifier involved 
the determination of the roots of a fifth-power equation in «.» After the 

‘ General methods for finding roots of higher-degree equations, one of the mo«t 
common of which is Graffe’a root-squaring method, may be found in textbooks ef 
advanced mathematics for engineers: for example, aee rt. E. Dougherty and E G 
Keller, 41 Mathematic* of Modern Engineering," VoL I, John Wilev & Son* I,.„ ' 
New York, 193fl. ' n °' 
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equation is obeained in factored form, there may be more factors than 
appear in any of the equations of an available table of transforms. In 
this case, solutions can be obtained in terms of the sum of simpler trans¬ 
form equations by partial fraction expansions. 

7-9. Time Normalization of Equations. It is possible to modify the 
time scale of the resultant responses by any required amount where it 
might be desirable to plot the results in dimensionless units. For example, 
where the inverse transform to be solved is 



_ 8 -f- 0) tk _ 

s(s* + ttsfcs + 0)2 *k) 




the inverse transform of 


1 8 k 

0)2 s(s 5 -f- ks + k) 

may be solved instead. This operation is in accordance with 1 



= aF(as) 


7-10. Relation of Amplitude Response to Phase Characteristic of 
Networks. It can be shown that for minimum-phase-shift networks as 
defined in Chap. 6 there is a unique relationship between the attenuation 
characteristic and the phase characteristic. 

The phase shift at a frequency f e is given by* 





coth ^ du 


(7-55) 


where A = log //(a?), the magnitude of the transfer function and 


u = log — (7-56) 

0) e 

This result shows that the phase shift at any frequency is dependent upon 
the rate of change of the attenuation (180° for attenuation of 12 db per 
octave). Overshoots in the transient response are due to the phase 
change as a result of sharp cut off as well as loss of frequency compo¬ 
nents beyond cutoff. 

7-11. Generalized Notation and Time-axis Shifting. Any function 
/(<), as illustrated by Fig. 7-9 a, when shifted along the time axis becomes 
f(l — a) when shifted to the right by an amount a and f(t -f o) when 

1 See Gardner and Barnes, op. cit., p. 226. 

1 For a complete treatment of the relationship between amplitude and phase 
response of a network, see H. W. Bode, “Network Analysis and Feedback Amplifier 
Design,” Chap. XIV, D. Van Nostrand Company, Inc., New York, 1945. 
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shifted to the left, as shown in Fig. 7-96 and c. A unit function u(t) 


having a value of zero for t <0 and 
unity for t > 0 shown in Fig. 7-9 d, 
when shifted is represented by Fig. 
7-9e and /. 

A generalized function /(/) may 
be specified as zero for l < 0 and 
its original value for / > 0 by writ¬ 
ing it as f(t)u(t), as zero for t < a 
by f(t)u(t — a), and as zero for 
t < — a by f(t)u(t + a). These are 
shown in Fig. 7-9g to i. The shifted 
functions/(/ + a) and f(t — a) may 
be specified as beginning at an ar¬ 
bitrary time T\ in a similar manner 
by f(t -f a)u{t - 7\) and f(t - a) 
u(t - T,). 

The transform of a function f(t) 
which is 0 for l < a, may be written 
in terms of a function beginning at 
t = 0 by 

- a)) = «—£(/(< + a)u(/)l 

(7-57) 

The above equation is a shifting 
formula or what is known as a 
formula of real translation and may 
be used as an aid in expressing a 
waveform of excitation which may 
be synthesized from a number of 
individual components. 'This re¬ 
lationship may also be written as 

£ _, lF(s)t _<, *l = f(t — a)u(t — a) 

(7-58) 

7-12. Transforms of Commonly 
Used Excitations. In accordance 
with the generalized notation de¬ 
scribed in Sec. 7-11, the pulse, 

shown in Table 7-1«, mav be de- 

* • 

scribed as the sum of two step func¬ 
tions beginning at different times 
and having different signs 

<■(() = En(t) 



hr,. 7-9. Timi*-Hxi« shifting 
Kn{t - T,) 


(7-59) 
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TABLE 7-1 

TRANSFORMS OF VARIOUS FORM8 OF EXCITATIONS 



E(s) = - - - 
s s 

The double pulse of Table 7-16 may be expressed 8° 
r.(l) = Eu(t) - Eu(t - T i) + Eu\t - T) - En(t 

and its transform is 


(7-60) 


r - Tr) (7-61) 


£(«) = - - - - - € 
s * s s 


(7+r,>« 


(7-62) 
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The single saw tooth shown in Table 7-lc is 

e{t) = ktu{t) - ktu(t - 7 \) (7-03) 

and the transform is 

e(s) ~ ? t_r " _ ‘~ T " (7 ' f,4) 

Other waveforms and their transforms which may be obtained in a simi¬ 
lar manner are shown in Table 7-1. 




(6) Application to network 

Fio. 7-10. Waveform made up of joined sections applied to network. 


Where the excitation e(t) is made up of several pieces as shown in Fig. 
7-10a, it may be written as 

e(0 = r,(l) o<i<r, + es(0r.«<r, + * ' * + (7-G5) 

and the transform is 


E{8) — E x (8 ) + E 2 (s) -f • • • (7-06) 

7-13. Circuit Responses. The responses of a circuit having a trans¬ 
form //(«) to an excitation /(/) as shown in Fig. 7-106 formulated in the 
manner shown in Sec. 7-11 may be found from 


F 0 (8) = F (8) 11(8) (7-67) 

with the aid of Eq. (7-58). 

As an example of the use of Eq. (7-58), consider the waveform shown 
in Table 7-lc applied to the simple IiC circuit of Fig. 7-11. The trans¬ 
form of the output voltage if the circuit is initially relaxed is 


BM 

For l < Ti, the excitation is 


8E(8) 


s + (1 /RC) 


E{8) 



(7-68) 
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and 

Bo(s) = s[s + (1/ftCTl 1 < Tx 

m . , ‘• . j " * -- » 

for which the inverse transform is 

c 0 (/) = kRC(l - <r l/HC ) t < Ti (7-70 

For t > T i, the excitation to be used is that given by Eq. (7-64); so the 



(a) RC circuit 




f'-O 


t=T x 

(c) Response in terms of t’ 

Fir,. 7-11. Response of RC circuit to saw-tooth waveform. 


transform of the output voltage is 

„ , , k k€- T " kT\t~ T>a 

hc{8) ~ s[s + (1 /RC)] s[s + (l/RO] s + (1 /RC) 

The solution of this transform equation is 


/ > 7\ 
(7-71) 


r 0 (f) = kRC{ 1 - e- ,/HC ) ~ kRC{ 1 - 

- kT\t~ {t ~ T%)/RC t > T\ (7-72) 

The plot of this response is shown in Fig. 7-116. It is sometimes con¬ 
venient to describe the response after a time T\ in terms of T\ a3 the 
origin. In this case, time measured from T i may he defined as 


v -t - r, 


(7-73) 
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and Eq. (7-72) may be reduced to 


e 0 (t') = kRCr*'"(l - t> Ti 


(7-74) 


This part of the response, with time measured from T\ t is plotted in 
Fig. 7-1 lc. 



(a) Waveform of excitation 



(b) Second waveform of excitation 



Fig. 7-12. Repeated excitations. 


The result arrived at in Eq. (7-74) could be obtained without resort¬ 
ing to the formal processes just described. Following t = Ti, the excita¬ 
tion is 

e(0 = 0 (7-75) 

The transform equation for the output voltage for t > T\ is 


F (*\ = e °(Ti) 

0 } e + (1 /RC) 


(7-76) 


From Eq. (7-70), 

e 0 (Ti) = kRC( 1 - (7-77) 

When the above relation is put into Eq. (7-76), the transform equation is 

^ kRC( 1 - r™™) . _ 

EM “ • % + (! /RC) 1 > T ' 


(7-78) 


Solution of this transform equation yields e{t’), which is identical to that 
given by Eq. (7-74). 

7-14. Transforms of Periodic Functions. Consider the case of exci¬ 
tations e»(0 of the form shown in Fig. 7-12a, repeated at invervals of T 
and at the end of the Wth period, either this or some other function begun 
as illustrated in Fig. 7-126 with the entire waveform shown in Fig. 7-12c. 
The expression for the repeating function is 


e M (() - eittMO + ei(l - T)u(l - T) + e,(f - 27>(* - 2T) + • • • 

-f e x [t - (AT - \)T)u[t - (AT _ i )T] (7-79) 
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and 

E r (s) = E,(s)(l + €-*•« + e -lr * -f- * ‘ ‘ + €- (v - 1)r ‘) (7-80) 

If the function beginning at the end of the series of the repeating function is 

e t (t - NT)u(t - NT) 

its transform is 

£[e 7 (t - NT)u(t - NT)] = € -™#,(s) (7-81) 

and the complete waveform of excitation is the sum of Eqs. (7-80) and 
(7-81), which is 

E(s) = EM{ 1 -f -f- + • • • -f e -(.v-nr,) + £ 2 ( s ) e -vr. ( 7 _ 82/ 

"1 he transform of the response to such an excitation may he considered 


rn n n - n_r 


T T 2T 


NT 



(a) Applied waveform 


e 0 (ry 

_ A 

q (7-8? 

1) 

'X 

t =--NT 
t'= 0 


f 

Eq. (7-89) 


(6) Waveform at end of N th period 



,7 

-95)^ 

Eq. (7-96) 

NT- 

t’-- 

OO 

= 0 

^Eq. C 

^Eq. (7 98) 
7-97) 


(c) Waveform after steady state 
has been reached 

Fie. 7-13. Circuit response to rectnnuulnr waveform. 


in two parts, that clue to the .V repeating cycles of a waveform and that 
due to a new excitation at the end of the period. 

7-15. Rectangular-waveform Analysis. As a simple example of the 
response of networks to periodic functions, consider the rectangular wave¬ 
form applied to the RC circuit shown in Fig. 7-13a having no initial 
charges or currents. The transform equation for the output voltage is 


KM = 

* + « 


(7-83) 
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where a = 1 /ItC, E(s) is the complete transform of excitation, and E 0 (s) 
is the transform of the response. 

The excitation for the first period, 0 < / < T, from Eq. (7-00) is 


£i(«) = - (l - 
s 


(7-84} 


This equation, together with Eq. (7-82), applied to Eq. (7-83) yields the 
transform of the output voltage 


E 0 (s) = 


E 


s + o 


(1 - <- r '‘)(l + €- r ‘ + C- 2r ‘ + 


+ ^ 






(7 _ 85) 


The inverse transform, found with the aid of (Eq. 7-58), can he arranged 
in the form 


e 0 (t) = Et~ at ( 1 - «- r ')(l + t aT -f- t 2or + « 3ar + • • • + 

+£ "l 

which can he expressed as 

1 — t af,r r « 

,-M) = Et n, ( 1 - <" r ‘) + £-' [ s ^- a ^ (s)e -v 


(7-80) 


T% 


(7-87) 


This equation gives the value of the response in the period immediately 
following t = NT and is determined by the repeating rectangular wave¬ 
form together with the excitation e 2 (t — NT)u(t — NT). This latter exci¬ 
tation results in the transform [s/(s + a))£ , 2 (s)€ _vr * in the above equa¬ 
tions. In the particular case in which the positive part of the repeating 
waveform is repeated during this period, the last term in Eq. (7-87) is 
obtained from 


— 1 


s E 

_ ,-NTt 


s -f- a s 


for t > NT. The value of this transform is 

For this case the value of Eq. (7-87) is 

e 0 {l) = Et al {\ - t aT ') ^ ^ € r + Et~ aU ~ ST) 


(7-88) 


This equation defines the output voltage at any time following / = NT 
as long as the excitation remains at amplitude E. 

If, however, the entire waveform of excitation of the preceding cycles 
is repeated following t = NT, the output for NT < t < NT -f- T is 
Tiven by Eq. (7-88) and during the period t > NT + T x the second part 
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of Eq. (7-87) becomes the solution of 


£r 


f « _ 

L s + a s 


//r# 


] 


which is 


Et~ a(t-NT)(l _ t ar.) 


The complete equation for t > NT -f- T\ is 

1 - €«‘ VT 


e 0 (t) = Ec-"‘(1 - «-*■») \ _ + Ee~ a(t ~ yT) (l - e ar ‘) (7-89) 


From the pair of equations (7-88) and (7-89), the entire waveform dur¬ 
ing the period NT < t < (N + l)T may be plotted. This is done in 
Fig. 7-136. 

It is sometimes convenient to consider a new origin beginning at 
1 = NT with time measured from this point defined by 

V = t - NT (7-90) 


In terms of this new variable, Eq. (7-88) may be written as 

„ r a - «« r o(<-» r -1) 

[ i - 


e 0 (t') = E<~ 


and Eq. (7-89) may be expressed as 


+ 1 


] ' 


< T\ (7-91) 


e 0 (t’) - Sr-** 


1 - e aTl 
1 - e aT 


(e~ aNT - e aT ) 


V > T\ 


(7-92) 


Steady-state conditions (each cycle identical with the preceding cycle) 
are approached after a sufficient number of cycles following the switching 
action. This occurs in practice at a time t long in comparison with the 
time constant EC of the circuit, and mathematically when NT—* ■*. 
Under such conditions,'Eq. (7-91) reduces to 


e 0 (t') = E<-<“’ 


c ar, _ { «r 


1 


aT 


= Etr 


at 


, 1 - € —<r-r.> 
1 - e~~ aT 


0 < V < T x (7-93) 


and Eq. (7-92) becomes 


,a(T+T,) _ -or 

e 0 (t') = Et~ at ' g ^ - 



T > t' > Ti 

(7-94) 


These results are plotted in Fig. 7-13c. The critical points, i.e., the 
transitions from one state to another, occur when V = T\ and when 
V = 0. For V = 0, Eq. (7-93) reduces to 


«.( 0 ) = 



(7-95) 
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and for tf = 2Y 


x E( 1 - € -«< r -r.)) , 

^ = -P T c -ar ‘" ar ‘ 


(7-90; 


For = Tj, Eq. (7-94) reduces to 

*.(T,) - - £(1 “ ^ 


and for t' = T, 


= 


1 - 


-E( 1 - «-»»■•) 

1 - e** £ 


(7-97) 


(7-98) 


These critical points are indicated in Fig. 7-13c. 

The method of analysis illustrated for the rectangular waveform may 
be followed for other repeating waveforms. Solutions obtained in this 
manner are obtained in closed form as compared with the series type of 
solution obtained by the Fourier-series method of analysis. 

7-16. Simplified Analysis for Recurrent Waveforms. If a circuit to 
which an excitation is applied is not initially relaxed, the output as a 
function of time due to the excitation and the initial state may be 
expressed as 

e o(0 = e o(t) + e*(0 (7-99) 

where e„{t) is the response of the relaxed circuit and «*(<) is the response 
resulting from initial charges or currents at the time the excitation is 
applied. It is possible by use of the above relationship to simplify the 
determination of the response to a recurrent waveform after equilibrium 
conditions have been reached. 

Suppose an initially relaxed circuit has a response e.(t) T > t > 0 to 
nonrecurrent excitation e(t), T> 1 > 0, and a response’^/) from the 
initial condition of the circuit. The response immediately after the 
excitation period and before any new excitation can be applied is 

<( T + 0 = e.(T + t) + ,„(r) t ^ o (7-100) 

Now, if the initial network state results from the fact that the excitation 
waveform is periodic, then 

e '°( T + 0 = '..■( 0) t — 0 (7-101) 

Use of Eq. (7-101) with Eq. (7-100) will allow determination of the 
response just before the beginning of each new period of excitation of th! 
recurrent waveform. As an example, consider the response of the RC 
circuit to the rectangular waveform as determined in the preceding sec 
tion. The response of a relaxed circuit to a single rectamnilar u, V 
excitation of period T at the end of the period fs 8 " wavefonn 

«.(T + t) = Et~° T ( 1 - e-ro t Q 


e,{T + t) = -Er m{T ~ T 'H\ - 


(7-102) 
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The initial voltage across the load as a result of c being initially charged 
\ O Ee 0 is 

e„,(0) = —Eco 


and the response at the end of period T as a result of this initial charge is 

Coi(T) = e*(0)€-°T (7-103) 

Therefore, v 

e’ 0 (T 4 0 = — ^c- a(T - T,) (l - e~ aT ') 4 c«-(0)€— r t -> 0 (7-104) 

If the waveform is recurrent at intervals of T, Eq. (7-101) is valid and 
substituting e«*(0) for e' 0 (T 4 t), t—> 0, in Eq. (7-104) yields 


«*0) = ~ 


Et a (T T\) (X _ r aT,) 

1 - t~ aT 


(7-105) 


This result is in agreement with Eq. (7-98) for e(0) or e(T). The response 
at any time during a single period of excitation can be found by applying 
Eq. (7-105) to Eq. (7-99) after finding e 0 (t) separately, namely, 

e„{t) = E*- at t < T x 

and 

e 0 (t) = E € (1 - e ar ‘) T > t> Tx 

The above method for finding the equilibrium response to a recurrent 
waveform is simpler than the procedure indicated by Eqs. (7-89) through 
(7-94) but, of course, is restricted to steady-state conditions. 
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WIDE-BAND RADIO-FREQUENCY AMPLIFIERS 


If television image information (the video signal) is to be carried by a 
radio communication channel (transmitter and receiver), one of the 
methods of modulation of an r-f carrier wave must be employed. These 
methods consist of variation of some characteristic of the r-f signal in 
accordance with the intelligence to be transmitted. The best-known of 


these methods are: 

1. Amplitude modulation , whereby the amplitude of the carrier wave 
is varied in accordance with the video signal. 

2. Frequency and phase modulation, in which the instantaneous fre¬ 
quency or phase of the carrier signal is varied with the video information. 

3. Pulse modulation , in which the carrier is not of a single frequency 
but is in the form of a pulsed carrier, the height, width, or spacing of the 
pulses being variable in accordance 
with the video signal. 

The bandwidth requirement of the 
r-f circuits (both in the transmitter 
and receiver) varies with the method 
of modulation, being roughly equiva¬ 
lent to the bandwidth of the video 
amplifiers for the single-sideband 
amplitude-modulated system to be 
discussed in the next chapter. The 
simple double-sideband system 
requires approximately twice this 
bandwidth. 

8-1. The Single-tuned Amplifier. 

The simplest form of the bandpass 
amplifier makes use of parallel reso¬ 
nant circuits for plate-load imped¬ 
ances as frequency-selective ele- 



(a) Actual circuit. C represents total 
shunt capacitance between stages. 



r 

L 


(6) Approximate equivalent circuit (r p »Z) 

n,»Z 

Fig. 8-1. Single-tuned hundpass 
amplifier. 


ments. There are two basic forms to 15e considered, having slightly 
different characteristics. 

Series RL Form. This form, shown in Fig. 8-la, is the natural form of 

the parallel resonant circuit in which the resistance r is the resistance 

inherent in any inductive element either alone or in combination with 

225 
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some added series resistance. The approximate equivalent circuit of the 
amplifier, based on the assumption that the plate resistance of the tube 
as well as the input impedance of the following stage is high compared 
with the impedance of the tuned circuit at any frequency, is shown in 
Fig. 8-16. The gain of such a stage is given by 

G = -g m Z (8-1) 

where Z is the impedance of the parallel tuned circuit at any frequency 
under consideration. 

If the resonant angular frequency is denoted by u 0 , the Q of the induc¬ 
tive branch at resonance is defined as 


Qo = 


03 oL 


( 8 - 2 ) 


with the resonant frequency defined by 


u)o 2 = 


LC 


(8-3) 


Then, combination of (8-2) and (8-3) allows Q 0 to be expressed as 


Qo = 


o ) 0 rC 


(8-4) 


The impedance of the load circuit may be expressed as 


Z = 


r -j- jcoL 

1 - a> 2 LC + jurC 


(8-5) 


This expression, written in normalized form by combination of Eqs. 
(8-2) to (8-4), is 


7 _ r[l 4- i(o>/o?o)Qo] _ 

1 — (o)/o> 0 ) 2 ■+■ j(o>/o)o)(l/Qo) 

At resonance, co/o>o = 1, and the impedance may be written as 


(8-6) 


The gain at resonance is 


Go - 


r(l +jQ o) 

' j(l/Qo) 

Ki + jQo)Qog, 

J 


(8-7) 


The gain at any frequency relative to that at resonance is G/Gq 
which may be reduced to the form 

G _ (o)o/a.) -f- jQp _ 1 _ 

Go 1 + jQo 1 + y[(o)/o) 0 ) — (O)o/ 0 ))]Q 0 


(8-8) 


Z/Z 0> 


(8-9) 
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Th e fractional frequency deviation with respect to the resonant frequency 
may be defined by 

« = ^-l (8-10) 

CJo 

The relative gain characteristics as represented by Eq. (8-9) are plotted 
as a function of 5 in Fig. 8-2, for various values of Qo- It is to be noted 
that the variable actually chosen is 5Qo in order that the forms of the 



Fio. 8-2. Response of scries form of parallel-tuned circuit plotted from Eq. (8-9). 



(a) Complete equivalent 
circuit 



(6) Inductive and 
resistive branches. 


R'- 


X- 


co t L , R 
S* + to*L* 

coLR* 

H’+tt) 1 !* 


(c) Approximate equivalent series 
impedance of ( b) R>>r. 


Fio. 8-3. Elements of parallel form of parallel RLC circuit. 


responses may be compared more readily. The superposition of these 
curves shows that for small values of 6 and reasonably high values of Q 0 
a single curve is sufficient for all such tuned circuits. 

Parallel RL Form of Parallel Resonant Circuit. If the parallel tuned 
circuit of Fig. 8-1 is shunted by a resistance R, as shown in Fig. 8-3a, the 
equivalent impedance of the parallel combination of inductance and 
resistance shown in Fig. 8-36 is 


R(r + jaiL) 
R + r + juL 


Z' 
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If the Q of the coil alone is high, its resistance r may be neglected and 
the impedance may be written as 

7 , _ juLR 
R 4- jcoL 

This impedance may be expressed as 

Z' = R' + jX’ 

where 

_ co 2 L 2 7? , _ c *LR* 

R 2 + w 2 L 2 R 2 + w 2 /. 2 


This equivalent series impedance is indicated in Fig. 8-3c. 
At resonance, by definition, 


Qo 

II 


which is 

_ _R_ 

C0()Zy 


Qo 

(8-11) 

and also may be written as 



Qo 1 

= 0)qRC 

(8-12) 


At the resonant frequency, the effective impedance is R, and the gain 
at resonance may be written in any of the following forms: 


Go = 
Go = 

Go = 


(JmR 

g m iooLQo 
ffmQ 0 


0)0 


c 


(8-13) 


The gain of the stage may be found as before, divide^ by the gain at 
resonance, and normalized with respect to coo. The result is 


G 1_ 

Go 1 ~t~ jQ o[(to/wo) (< 0 o/to)] 


(8-14) 


This equation, which is exact, is identical in form with Eq. (8-9) for the 
other form of the parallel circuit, except for the absence of the factor 
[(wo/to) 4-i<?o]/(l jQo)- 

The response curve of Fig. 8-4 for this circuit is almost- identical to that 
of Fig. 8-2 except for the lowest value of Q, where slightly more dissym¬ 
metry exists in the response below resonance and that above resonance. 

Equation (8-14) may be written in terms of the fractional frequency 
deviation, as 

G_ 1 

Go 


1 +iQo[5(2 + $)/(! + 5)] 


(8-15) 
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For small fractional frequency deviations, that is, |o| 1, this equation 

may be approximated by 


G = _1_ 

Go 1 + jQo(26) 


(3-16) 


the absolute value of which is plotted in Fig. 8-5. This curve is seen to be 
symmetrical on either side of 6 = 0. This is known as arithmetic sym- 



Fiq. 8-4. Response of parallel RL form of parallel tuned circuit. Plotted from Eq. 

(8-14). 



Fn. 8-5. Approximate response of parallel tuned circuit plotted from Eq.'(8-16). 

metry, whereas the form of Eq. (8-14) is said to give geometric symmetry. 
Comparison of Figs. 8-4 and 8-5 shows that the approximate form is quite 
accurate except for very low values of Q 0 . 

It is desirable to define the bandwidth in terms of easily obtained 
quantities in order that different circuits may he readily compared. This 
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bandwidth is taken as the distance between two points on the response 
curve which are at 70.7 per cent of the amplitude at resonance. This 
spacing may be defined as bandwidth where it is expressed in actual fre¬ 
quency units, or as fractional bandwidth where the spacing is expressed 
in terms of dimensionless units as a fractional part of the actual resonant 
frequency. 

In dealing with the approximate form [Eq. (8-16)] of the parallel 
resonant circuit, it is apparent that G/G q = 0.707 when 2SQ 0 = ± 1; 
therefore, the fractional bandwidth 0 may be defined as twice the value 
of fractional frequency deviation required to give a response of 0.707 
maximum. It is therefore given by 

It may be seen from the plots of Fig. 8-4 and Fig. 8-5 that although this 
figure for bandwidth was derived for the case of arithmetic symmetry, it 
is the same for the case of geometric symmetry. 

The fractional bandwidth /3 may readily be converted to actual band¬ 
width from the original definition of /3, by 

B = f8-18) 

where/ 0 = co 0 /2i r. 

Three useful expressions for bandwidth may be written: 

B 

D _ 

Q» . (8-19) 

R - 1 

2*RC 

Since the gain is g m R at the resonant frequency, the gain-bandwidth 
product may be written from the above equation as 


Go» = ^ (8-20) 

This result is similar to that derived for the resistance-capacitance- 
coupled amplifier. Obviously, the maximum-gain-bandwidth product is 
obtained when the total C can be reduced to as low a value as possible. 
The figure of merit of a tube is defined as before as 



where C t represents the total output capacitance added to the total input 
capacitance of an identical tube. 
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Since circuits having improved gain-bandwidth products are to he 
discussed, it is convenient to define the term gain-bandwidth factor as 


0 a b 



gJ2*C 


( 8 - 21 ) 


The convenience of the use of this equation is in the elimination of the 
effect of the tube in the comparison studies of the relative merits of 
different coupling circuits. 

8-2. Cascaded Single-tuned Amplifiers (Synchronous Case). It is 
desirable to determine the gain and bandwidth of a multistage amplifier 
made up of single-tuned stages all tuned to the same resonant frequency. 
For convenience, the gain relative to that at resonance for a single stage 
may be expressed by 



1 

i + jQo(26) 


( 8 - 22 ) 


Also, for convenience, x = 2Q»b, which gives 



\ 

1 + jx 


For n cascaded stages, 

G'" 

In terms of absolute values, 

G' n 



1 

(1 + x 2 )"' 2 


(8-23) 

(8-24) 

(8-25) 


The bandwidth may be determined by placing (?'" = 0.707 and solving 
for x, giving a particular value of x, denoted as x,, which is 

x, = ± y/2 Un - 1 (8-20) 

From the original definition of x, the particular value of x in the above 
equation may be written as 

x\ = Qo(0)« (8-27) 

where Q 0 is the Q at resonance of one of the circuits and (0)„ is the over-all 
fractional bandwidth of the amplifier. 

Substitution of lOq. (8-27) into Eq. (8-26) gives 



8ince (0)i 


]/Qo, the above equation may be written as 


{fiU 

ifih 



(8-28) 


(8-29) 
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Examination of this equation shows a rapid shrinking of bandwidth as a 
larger number of stages are eascaded. This result is plotted in Fig. 8-6. 

If to » 1, the approximation obtained 
from the series expansion of 2 1/n , 

03 ) n 1 



(P) 


(8-30) 


Number of stages 

Fio. 8-6. Shrinkage of bandwidth 
due to cascading single-tuned stages. 


1.2 Vn 

may be used. 

8-3. Maximum Realizable Band¬ 
width for Required Gain. It can be 
shown that there is a fundamental limi¬ 
tation on the bandwidth which can be 
obtained for a given required gain with 


a particular type of circuit. For the single-tuned stages, Eq. (8-30) may 
be written in terms of actual bandwidth as 


Bn = 1 

Bi 1.2 y/n 

If the over-all gain is denoted by G n , then G\ — G n 1/n and 



1 


1.2 y/n G n x/n 


(8-31) 


(8-32) 


where G\B\ is the gain-bandwidth product for a single stage. The 
number of stages required to obtain a bandwidth maximum may be found 
by performing the operation 


dBn 

dn 



on Eq. (8-32). The result is 

n = 2 In G n 


(8-33) 


Putting G n = G i n in Eq. (8 33) yields 


G\ = y/t = 1.65 


(8-34) 


These results show that for a given required over-all gain, if the maxi¬ 
mum possible bandwidth is to be obtained, the required number of stages 
is given by Eq. (8-33) and the gain per stage is given by Eq. (8-34). In 
this case, the over-all bandwidth as obtained from Eq. (8-30) is 



GiBi 


_ 1 __ 

1.2 y/n y/l 


(8-35) 


Example.. A chain of cascaded single-tuned amplifiers, composed of 
6AK5 tubes, each with a g m of 5,000 ^mhos and a total shunt capacitance 
between stages of 15 nrf, is designed to give the greatest possible band- 
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The gain-bandwidth product of each stage given by Eq. (8-20) is 

">,000 X 1()- 6 


G|/*i = r, 


2tt X lo X 10-** 
= 53.3 X 10 6 cps 


If a gain of 10 6 is required, 


a = 2 In 10 6 
= 28 stages 


The bandwidth is found to be 


I> n — 53.3 


1 


1.2 a /28 \/< 

= 5.00 Me 

This represents a fundamental system limitation, and if the perform¬ 
ance is to be exceeded, it must be done by means other than simple 
synchronous single-tuned stages, if no tubes having a higher figure of 
merit are obtainable. 

8-4. Cascaded Single-tuned Amplifiers (Staggered Case). The reduc¬ 
tion of bandwidth shrinkage, with the resultant increase in gain-band¬ 
width product of a multistage amplifier employing single-tuned circuits, 
is made possible by tuning successive stages to different frequencies in a 
proscribed manner. Tins procedure, known as sltnjtjrr Inning, 1 allows the 
shaping of almost any desired bandpass characteristic with reasonably 
simple tuning procedures. 

Two Sto<iu<rnl Slants. In the ease* of reasonably small fractional 
bandwidth, it was shown by Kq. (8-23) that the gain relative to that at 
resonance of a single-tuned stage could be written in the form 


/"» / 

VJ = - 


1 


where x - 26(«V 

The absolute value of the curve described by the above equation is 
inmetrical about x — 0 as plotted in I’ig. 8-5. The same curve but 
f \t i I with lo a center freouenev corrcsnondi IHf f ft on 


1 +jx 


syinmet ric «n 4 nnmv - ■— r-——■ — • ^ >/• * m; r>auir curve nut 

plotted with respect lo a center frequency corresponding to an arbitrarily 
assigned value of a =•- h may he expressed by 


g; = 


1 


1 + j{x - *,) 


(8-36) 


If a second stage is identical in form to the above but has a resonant fre- 

' For U t rent meat of tic- K‘*n»*ral theory of MtaKKcr-tuiied amplifiers, 8 «*i* G Ii 
Valh-y. Jr., an i II. Wallman, “Vacuum Tula* Amplifier^” Chap. 4, McGraw-Hill Book 
/Company, Inc., New York, 
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quency corresponding to x = as*, the gain, relative to that at the fre¬ 
quency xt, is 



1 

1 + j{x — x 2 ) 


(8-37) 


4 


If the above two stages are cascaded, the over-all relative gain may he 
written as 


ry a/ _ 

“ 


1 


1 +j(x - Xi) 1 +j(x — Xt) 


(8-38) 


If the two curves are disposed symmetrically about x — 0, that is. 
x t = (— Xi), the above equation reduces to 


g;g' = 


i 


1 — X* -f Xi 2 4* i’2x 


having the magnitude 

VM = 


i 


\/(l — x 2 -f x\ 2 ) 2 4- 4x 2 


At the center frequency x = 0, the over-all relative gain is 


G 


;do = ^ 


(8-39) 

(8-40) 


(8-41) 


and at the resonant frequencies of the individual stages the magnitude of 
the gain is 



1 

\/l + 4xi 2 


(8-42) 


Inspection of the above two equations shows that, for values of xi beyond 
a certain range, there will be two peaks in response and a dip at the 
center. The position of the peaks may be found by differentiation of 
Eq. (8-40) with respect to x, equating to zero, and solving for x. The 
result is 

Xpk = ± \/xi 2 — 1 (8-43) 


For x\ > 1, there are two peaks in response. The case of x x = ± 1 is the 
maximally flat case since any separation greater than this gives two peaks 
and any separation less than this gives a sharper resonance peak. 

Substitution of X\ = ±1 into Eq. (8-40) allows the gain relative to 
that at the center frequency for the maximally flat case to be expressed 
in the form 

G ' G ' = 2 VTT (xV4j (8 ‘ 44) 


From this equation, it is apparent that the response is at 70.7 per cent of 
its maximum value when x 4 = 4, or x = ±\/2. From the definition 


WIDK-IUM) HADIo-KHKQI l-:NC\ AMPLIFIERS 235 

of x = 25Qn, it is apparent tiiat the bandwidth of the two staggered 
stages in terms of the bandwidth of a single stage may be expressed as 

B' = y/2B , (8-45) 


The over-all relative gain at the renter frequency is seen from Eq. (8-44) 
to be G\(i ' 2 = 1 2 . and the actual 
gain at the center is 

= M{g m n,y ( 8 - 40 ) 

The relative response of two 
cascaded staggered stages is plotted 
in Fig. 8-7 for three different sepa¬ 
rations including one overstaggered 
case, the maximally flat, and one 
understaggered case. 

The form of the equation of the 
maximally flat ease may be simpli¬ 
fied somewhat by noting that 

26 



<v 

GO 

'D 

\/> 


x-26Q 0 
(a) Overstaggered case 


x = 


0 


which allows Kq. (8-4-4) to be 
written as 



rc , = »_L 

12 2 y/TTJU*/0i 4 ) 

If the curve is normalized to a band¬ 
width of di = \/2, then this eqtia- 
tion reduces to 

1 (8-47) 


<u 

cc 


(/)) Maximally flat case 


I//*/ _ 




i 


2 y/\ + V 

Three Staggered Stages. If two 
staggered stages of the form of Eq. 
(8-38) are cascaded with a third 
stage centered at x = 0, having a 
gain bandwidth product identical 
with that of each of the staggered 
stages, and if the bandwidth of the 
centered stage is A times the band- 



-5 -4 -3 -2 -1 


0 

x 


1 2 3 4 5 


(c) Understaggered case 

Fh;. 8-7. Relative response of two stag¬ 
ger-tuned stages having identical gain- 
bandwidth factors. Dotted curves rep¬ 
resent individual responses. Quin at. 
the center is found by multiplying resub¬ 
mit curve in each ease by ( g n Ih.)*. 


width of the staggered stages, the gain is l/A times that of the staggereu 
stages and the over-all relative-gain equation may he expressed by 


g'G' 2 g; = - 


1 /A 


1 “ ** + r\ l +j 2 x i + j(x/A) 


(8-48) 
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which may be written as 

g;g' 2 g' 3 = 


1 /A 


(l - * 2 + xj 2 - + jx ^2 + - 


— x 2 -f- a-i 


) 


(8-49) 


having the absolute magnitude 


CV?A = 


1/A 


4 


1 — x 2 + Xi 


- 2^y + £l (2,1 + 1 + x. 2 - *’) 


(8-50) 


The actual gain at the center frequency is given by 


G \GtG 3 ] x » 0 = C gtnRh ) 


1 


(1 + x, 2 ) 


where R L is the load resistor in each of the two staggered stages. The 
load resistor in the centered stage is R L /A. 

In the special case in which the amount of staggering between centers 
of the two symmetrical stages is \/3 times the bandwidth of the staggered 
stages and the centered stage has twice the bandwidth of the staggered 
stages, xi = \/3, .4=2, and 


As before 


G\G’ 2 G \; = 


V 


2 


v'Te + K** 


X 


28 

fix 


and so Eq. (8-51) may be written as 


G'fi'fi'* = 




Vi + («•/*»•) 


(8-51) 


(8-52) 


If this equation is normalized to a fractional bandwidth 0 t = 1, it 
reduces to 


Gyrjy t = 


x 


\/i + 


(8-53) 


The above design is the maximally flat case for three staggered stages. 

n Staggered Stages. It is possible to obtain the maximally flat type of 
response with n properly staggered stages. 1 This configuration, known 
as a flat staggered n-uple, has a relative response equation of the form 



1 

Vl + 5 2n 


(8-54) 


1 See ibid, for the design theory for the flat staggered n-uple. Table 8-1 has been 
taken from this reference. For the theory for the exact form of the response curves, 
this reference may be consulted. 
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where G' n is the gain relative to that for 5 = 0, provided the proper frac¬ 
tional bandwidth for each stage is chosen. The general shape of the 
response curve is, of course, correct for any fractional bandwidth within 
the limits that the approximate form of the tuned-circuit equation is 
valid. 

Examination of Eqs. (8-47) and (8-53) shows that the double- and 
triple-staggered stages fit the form of Eq. (8-54). 



-3-2-10 1 2 3 

6-fractional frequency deviation 

Fio. 8-8. Approximate form of response of maximally flat stager-tuned amplifiers 
normalized to a fractional bandwidth of 2. 


The design of individual stages to achieve the flat staggered form of 
response is shown in Table 8-1. The form of response curve for the 
maximally flat cascaded stages is shown in Fig. 8-8. 

For the flat staggered type of response, the design indicated in this 
table is not accurate for very large fractional bandwidths in which the 
approximate form of the response equation is not valid. In this case a 
more complicated design theory must be used. 1 

General Equations for Stagger Tuning. The general equation for the 
lesponse of n cascaded stages with spacings from an arbitrary reference 

frequency denoted by «*, 8 Jt ... , 8 n , where 8 represents the fractional 
frequency deviation from the reference frequency, is given by 





* • 



(8-65) 


' Sec ibid. 
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TABLE 8-1 

DESIGN OF INDIVIDUAL STAGES FOR MAXIMALLY FLAT TYPE 

OF RESPONSE (APPROXIMATE CASE) 

Number Disposition of individual stages of equal gain-bandioidlh 

of stages products * 

2 Two stages staggered at/ 0 ± 0.355 of bandwidth 0.71 B 

3 Two stages staggered at / 0 ± 0.435 of bandwidth 0.55 
One stage centered at / 0 of bandwidth B 

4 Two stages staggered at f 0 ± 0.465 of bandwidth 0.385 
Two stages staggered at f 0 ± 0.195 of bandwidth 0.925 

5 Two stages staggered at/ 0 ± 0.295 of bandwidth 0.815 
Two stages staggered at/ 0 ± 0.485 of bandwidth 0.315 
One stage centered at f 0 of bandwidth B 

6 Two stages staggered at f 0 ± 0A8B of bandwidth 0.265 
Two stages staggered at f 0 ± 0.135 of bandwidth 0.975 
Two stages staggered at /„ ± 0.355 of bandwidth 0.715 

* Center frequency = /„, over-all bandwidth = 5. 


The values of the constants may be determined from the fractional 
bandwidths of each stage in the following manner: \ single stage has a 
response of the form 



_ Ok_ __ 

1 +J(2/ft)(S - 5 k ) 


where a k = g mk R k . 

Therefore, the constant /!*, by reference to Eq. (8-55), 


(8-56) 


is seen to be 



(8-57) 


where 0* is the fractional bandwidth of the stage referred to the arbitrary 
reference frequency to which Eq. (8-55) is applied. 

If the gain-bandwidth products of all the stages are the same and the 
i4's are known, the values of the a’s are, of course, uniquely determined, 
i.e., if 

Aj = gA t 

then 


or, in general, 



G k B k _ A k a k 

GjBj AjQj 


(8-58) 


The relations expressed by these equations allow the form of the over¬ 
all bandpass characteristic of n stagger-tuned stages to be determined if 
the form of the individual response curves is known. This resultant 
form of response curve may be converted to any actual center frequency 
with any actual bandwidth from the relationships between actual cir¬ 
cuit parameters and the normalized values. 



YVIDE-BAND RADIO-FREQUENCY AMPLIFIERS 


239 


8 -6. Coupled Circuits and Reflected Impedance. The coupling 
between stages in a bandpass amplifier is frequently more complicated 
than the simple tuned circuit just discussed. Sometimes a load is 
reflected into the primary circuit by the effect of mutual inductance, as 
shown by Fig. 8-9a. It is convenient to arrive at characteristic equations 



(a) Modification of load impedance with coupled circuit 



(6) Equivalent circuit of coupled circuit. 

Equations (8-59) to (8-63) apply to 
portion of circuit to right of dashed line 


Z,-J tJJ L 2 +r 2 +Z L 
(c) Equivalent primary circuit. 




(d) Secondary equivalent circuit 

Ficj. 8-9. Tuned circuit with inductively coupled impedance. 

from consideration of the transformer action, the circuit involved being 

that of Fig. 8-%. 

The circuit equations are 

E„ = IpO'w/v,) - l.(ju)M) 

0 = l p {ju)M) - I.(Z.) 

where Z. is the total self-impedance of the secondary circuit. 

These equations may be solved for l p and the ratio of E p /I p obtained. 
This represents the impedance looking from the tube into the terminals 
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of the primary winding and is by definition the input impedance of the 
coupled circuit. The result may be written in the form 


Zl n — jd>Li + 


a) 2 M* 


(8-60) 


where Z, in this particular case is 


Z* — T 2 -f- j0)1/2 “h Z 


(8-61) 


Equations (8-60) and (8-61) represent the well-known result that as 
far as the terminal conditions of the transformer primary are concerned, 
an additional impedance of u> 2 M 2 /Z, is effectively in series with the pri¬ 
mary inductance. The equivalent primary circuit is that of Fig. 8-9c. 

M It is useful to define the transfer 

z r | I- 1 impedance as 


7 — ‘ 

Is 12 — ^— 


(8-62) 


(a) Coupled circuit with RC load 


which is found to be 




Z 12 = jtoM ^ 


(8-63) 


? where Z' L = r 2 -f- Z L . 

^ r ' Another form of equivalent circuit 

-j from the standpoint of the secondary 

(b) Primary equivalent circuit terminals is that of Fig. 8-9d.’ 

Fig. 8-10. Input impedance of if the load impedance Z L is a parallel 
coupled circuit with specific load. n/ ~, ... , • t i 

RC circuit as shown in Fig. 8-10, and 

the resistance r 2 is negligible, the input impedance is 


where 


R' = 


Zio = R' + jX' 


uPM*R* 


R 2 *( 1 -1- o» 2 L 2 C 2 ) 2 4- 0>*W 


(8-64) 


1,8-65) 


and 


y, _ t j w 2 Af 2 [o>/? 2 2 C 2 ( 1 — «*LsC s ) — ojL 2 ] 
“ 1 ^ fl 2 2 ( 1 - w 2 L 2 C 2 ) 2 + w 2 L 2 2 


(8-66) 


These components may be expressed in terms of normalized frequency as 


and 


, _ («/co 2 ) 2 fe 2 (Z,,/-ftaC 2 ) 

[1 - ( w / o > 2 ) 2 ] 2 + («/ o> 2 ) 2 (1/ Q 2 2 ) 

r <?, , 00 wh* | g » l 1 ~ QQ ] - 5;} 

<*>* [1 •- («/«,) *)* 4" («/«*)*(1/Q* 2 ) 


(8-67) 


X ' 


( 8 - 68 ) 
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At the resonant frequency of the secondary circuit, these reduce to 


or 

and 


or 


lit Lik-Qi 2 

tf 2 c 2 

(8-69) 

R' = uoLik-Qi 

(8-70) 

X ' ~ R,C, <W' *’> 

(8-71) 

X' = co 2 Li(1 — k 2 ) 

(8-72) 


8 -6. Double-tuned Circuits: Shunt-tuned Secondary. The double- 
tuned coupled circuit is often used as a coupling element between stages 
in a bandpass amplifier, as shown in Fig. 8-1 la with the equivalent cir¬ 
cuit of Fig. 8-116. The circuit may be solved most easily from consid¬ 
eration of the equivalent circuit of Fig. 8-1 lc and by making use of 



/- -g m E, 




c\ 

-4 





( b) Equivalent circuit 





( c ) Series equivalent circuit 

Fio. 8-11. Equivalent forms of double-tuned circuits. 
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Eq. (8-60') and Eq. (8-63). The exact solution may be reduced to the 
form 


where 


E, _ juk y/LiL^g 
a + jb 


LiL 


m 


(8-73) 


a = (1 - co 2 L 2 C 2 )(l - t**L x Ci) - a, 2 ^ (1 - A; 2 ) 


«ii? 


co 2 fc 2 


and 


E 1 L 2 

R\Ri 




6 = 


«L 2 S . toLl 


(1 - ^ (1 - « s l 2 c 2 ) + (c/? 2 c' 2 + M /e,Cj) 

and fc is defined as the coefficient of coupling which is given by 

k = vfe (8 ' 74) 

If o>i and u> 2 represent the resonant angular frequency of the primary 
and secondary, respectively, i.e., 


Oil 7 = 


1 


and 


0)2 2 = 


1 


(8-75) . 


L ri “ ,,u — r n 

ltl L/zL'2 

and Qi and Q 2 are the primary and secondary Q’s at their respective reso¬ 
nant frequencies, Eq. (8-73) may be written in the normalized form as 

E. VCT/Cl g, 

E 0 c -f- jd 

where 


(8-76) 


c 

and 
d = 


( [' (.,)][■ Cj ] ft,) CO(0) r 

- 5 i['-fe)] + SAMs)‘] 

o. w o , « n i 

^ CO! co 2 QiQ 2 |«,* 2 

This is the general normalized equation of the double-tuned circuit. 

If both primary and secondary are tuned to the same frequency, the 
above response equation reduces to 


E. 

E„ 


4 


ty 0+w)+<■ -« 


where coi = co 2 = too. 


«=%?[■-©■<■- *■> ] <«•■"> 
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At resonance, the absolute magnitude of the gain reduces to 



k(RWQ,) y/Ci/Cr g 


m 


J77, , l -JlY , ( Q‘ + Q> \ 


(8-78) 


The value of k for which the gain at resonance is a maximum is known 
as critical coupling k f) which is given by 


<^(Qi(hy + (Qr + Q2 2 ) + 1 


(8-7‘J) 


In the special case in which the primary and secondary Q’s are e(|iial, 
the above equation reduces to 


Vq* + 1 


(8-80) 


A value of coupling below critical value results in reduced gain and a 
sharper resonance curve, whereas couplings beyond this value result in a 
broadened response curve gradually changing into a response curve which 
has a dip at resonance and two peaks approximately symmetrically dis¬ 
posed about the resonant frequency as the coupling is increased. The 
point at which the response curve has maximum flatness at resonance is 
referred to as transitional coupling k t . In the equal-Q case, transitional 
coupling and critical coupling have the same value, whereas, in the 
unequal-Q case, transitional coupling occurs with a value of k greater 
than critical coupling. The more unbalanced the Q’s become, the smaller 
the value for k e becomes, until, in the limiting case, with one of the Q’s 
infinite, it approaches zero. 

In the case of critical coupling with both Q’s equal, the gain at reso¬ 
nance is given by 



(8-81) 


and 

difficult 

of . v.. W...J" • - 

accurate only in the high-Q — - —j 

tions for design purposes even where the Q is relatively low.- 

As in the single-tuned circuit, the fractional frequency deviation is 
defined by 

(J 

b = — — 1 
wo 


which allows w/w u to be replaced by 1 + b in Eq. (8-77). If the Q is 
sufficiently high and b small, i.e., for frequencies near resonance, the 
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magnitude of Eq. (8-77) will, if higher powers of 5 are neglected, reduce 
to the approximate equation 1 


E. 

E a 


_ k(R 2 /Qt) y/Cj/C\ g m _ 

VlU/QiQa) + fc 2 - 4S 2 ] 2 + 4a 2 [(Q! + Q 2 )/QiQ 2 ] 2 


(8-82) 


The approximate value of the gain at resonance, that is, 8 = 
to be 


E.1 k{R,/Qt) VC 2 /Ci 
E„\o (1/QiQ.) + & 


0 , is found 


(8-83) 


% 

The approximate positions of the peaks in the overcoupled case are 
found from Eq. (8-82) to occur when 



The transitional coupled case occurs when the right-hand side of Eq. 
(8-85) reduces to zero, giving 



(8-85a) 


The gain relative to that at resonance as obtained by combining Eq. 
(8-82) and Eq. (8-83) is 

(1/QiQt) + 


G’ = 


V[(l/Qi<?«) + ** - 45 2 ] 2 4- 45 2 [(Qi + QtVQxQtY 


( 8 - 86 ) 


The gain relative to the gain at resonance of the transitionally coupled 
stage, for the case of Q i = Q 2 , can be expressed in terms of k/k t by com¬ 
bining Eqs. (8-83), (8-85a), and (8-86) as 


_ _ 2 (k/kt) _ _ _ r) = n 

VI1 + (k/k t )-) 2 + [1 - (k/k,)*] 8«*Q* + 165 4 Q 4 

(8-86o) 

i’his relative gain is plotted as a function of Q8 in Fig. 8-12 for various 
values of k/kt. 

1 Many analyses and design data based on various approximate relationships for 
the high-Q case may be found in the literature, e.g., C. B. Aiken, Two Mesh Coupled 
Circuit Filters, Proc. IRE, February, 1937; also, Milton Dishal, Exact Design and 
Analysis of Double and Triple Tuned Bandpass Amplifiers, Proc. IRE, J.nn», 1947, 
pp. 606-625. Also Valle^ and Wallman, op. cit., Chap. 5. 
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Fio. 8-12. Approximate response curves for double-tuned 


circuits, equal-Q ease, 



- - c 

Fio. 8-13. Approximate response of double-tuned circuit for Q, » Q 
Similarly, the relative gain for the case of Q, » Q, ca „ | )(; sho ,’ n to be 

(]" - _____ k/k, 

V (A?*,)* + 16S'fMl - {k/k.rT+MQsfi, «.-* (8-806) 

*• - J [(w)' - „?», - *•]<■ - (*■ + ,iv.» 


(8-87) 
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For the points where the gain is equal to that at resonance, that is, 
G' = 1, the values of 6 are, for the overcoupled case, 



or, from Eq. (8-84), 


V2 


L , . JL _ i (Qi±QiY 

\ + QiC, 2^ QiQ, ) 


5i — ± y/2 b P k 


( 8 - 88 ) 

( 8 - 8 !)) 


The expression for relative gain at the peaks may he obtained from 
putting the value of b pk from Eq. (8-84) into Eq. (8-86). The result is 


CU = 


(WQM + A- 2 


//sl+ssy r** + -1 ( Qi + q» yi 

\V QiQ 2 )[ A GiG* ) . 


(8-90) 


For the special case of Q\ » Q 2 , Eqs. (8-84) and (8-90) reduce to the 
forms 

QJt* 


G* = 


\A* - K(i/0* f ) 


(8-91) 


and 


B* = ±a w - 'a(i/qs) 


(8-92) 


For the overcoupled circuit with infinite primary Q, with a specified 
relative gain at the peaks and a specified value of b pk or Si, Eq. (8-91) and 


Eq. 

(8-92) may be solved together for k and Q 2 . The solutions 

are 


fc 2 - - . G «*- — u pk - 
VG’ v \ - 1 

(8-93) 

or 

A* 2 = - 7= £k=:2«i* 

Vc v l - 1 

(8-94) 

and 

(8-95) 

<?2 2 =- T.l - 

8 ipS-OGU - vg;j - i) 

or 

q * _ _ y/Gpi - i 

4Sr(CU - VG' v l - 1) 

(8-96) 


It is sometimes necessary to know the impedance level at the input 
terminals of the double-tuned circuit as shown in Fig. 8-14, which can 
be represented by the equivalent circuit of Fig. 8-146, with It' and X' 
given by Eq. (8-67) and Eq. (8-68). At resonance, these equations 

reduce to 1 

= k'fjiQ’sUn 

and 

.v: = /*i(i - a* 2 )u>„ 

i • 


(8-97) 

(8-98) 
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The equivalent primary circuit has 
an effective Q given by 

Q\ = 4 ? (8-99) 

and the input impedance is 

z ta M = iCfi? ( 8 - 100 ) 

which can be reduced to the form 

z - ( -> " cjtt (8 - ,0,) 

It is possible to obtain a set of nor¬ 
malized curves from a modification 



(a) Coupled circuit 



(6) Primary equivalent circuit 

Fig. 8-1-1. Input impedance of double- 
tuned circuit. 


of Eq. (8-8G), which can be written in the form 


where 


Vl — 2[1 - ( n/m)]q 2 + q* 



( 8 - 102 ) 


These curves are plotted in Fig. 8-15 with G' plotted against 2 b/y/m for 
various values of n/m. With such a set of universal curves, a coupled 
circuit with any dqsired degree of overcoupling may be designed and the 
circuit parameters found in terms of the parameters m and n 

The transitional coupled case occurs when the right-hand side of Eq. 
(8-85) reduces to zero, giving 





i 

(8-103) 


From Eqs. (8-82) and (8-103), it may be shown that the gain relative to 
that at resonance for the case of equal primary and secondary Q and 
transitional coupling may be expressed as 


(U = _ 1 

\/l + 4 6*(J* (8-104) 

Comparison with Eq. (8-44) shows that the shape of the response curve 
for the double-tuned transitional coupled stage is identical to that of two 
cascaded single-tuned staggered stages tuned for maximal flatness 
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From Eq. (8-104), it is apparent that the bandwidth of the transitional 
coupled equal-Q stage is 

B = V2 j (8-i05) 

Comparison of Eqs. (8-105) and (8-19) shows that, for 1the same> circmf ,Q, 
the bandwidth of the double-tuned stage ,s greater than that of the sm 
gle-tuned stage by the factor V2. Consideration of Eqs (S-81) and 
(8-13) shows that if the total shunt capacitance between stages can be 



Fir,. 8-15. Universal resonance curve for double-tuned circuits. 

divided equally between primary and secondary circuits the above 
increased bandwidth is obtained with a gain equal to that of the single- 
tuned circuit. Therefore, the gain-bandwidth product in the equal-Q 

double-tuned case is greater by the factor a/2 - 

8-7 Double-tuned Circuits with Series-tuned Secondary. An alter¬ 
native form of the double-tuned circuit is that shown in Fig. 8-16a with 
the load resistance in series with the secondary capacitance and induct¬ 
ance This form is particularly useful where the load resistance R, is of 
necessity a low impedance such as the input of a eathode-dnven stage or 
a low-impedance transmission line, where such low impedance would 
result in a Q which is too low for the parallel tuned circuit for th desired 
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bandwidth. The circuit may be analyzed from the equivalent circuit of 
Fig. 8-106. The gain may be expressed in the form 


E. 

E 


k(u/o)\)(o)/o>*) VC,/Cl gjt 2 


r, /«Y1 Ti _ /'"VI _ *« li _ 

|_ \c*> 1/ J [ \w?/ J Wi 012 Ql Qi \«l/ 

rfcf'-feyi + iit'-C-J]] 


(8-lOOj 


w 


here o>i 2 = \/L\C\, oi 7 2 - I/L 2 C 2 , Q 1 — uiiLi/Iti, Q 2 — 012 E 2 /E 2 . 

Cl 


I- -g n E, 

*1 

M 



J 

c, - 

O 

c 

c 

c 

c 


_r 

1 


T 


R 2 

_ 


(a) Actual circuit 
R 


1 



M 


C 2 


£- 


;u>Cj 

+ 


o 

T O 

L , o 
'o 




T 

f 


(6) Equivalent circuit 

Fio. 8-10. Double-tuned circuit with series-tuned secondary. 

If the primary and secondary are tuned to the same frequency w 0 , the 
above response reduces to 

{oi/oioYk VtVC, 9mRi 

- (8-107) 


E. 

E„ 


1 


_M 2 1 _ (• Y *. 

W w Q 1 Q 1 \«o/ 


+ > 


(") [i - («Y (&+9A 

\wo/ \w 0 / \ Q 1 Q 2 / 


At resonance, the gain reduces to the form 


E. = -k VC,/C\ gj t 7 

E. k 2 + 1 /(QtQ,) 


(8-108) 


This compares with the approximate value for the shunt-tuned case as 
given by Eq. (8-83) except for the factor li 7 as compared with the factor 
Ht/Qt- For equal secondary Q'e and therefore comparable bandwidths, 
the proper value of It 2 in the series-tuned case in relation to that of the 
shunt-tuned case is given from the equality of the Q’q as 


It 


1 


1 


](u| — 


Wu*^2( M )f 2«,fc) It-i(th) 


(8-109) 
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Where the required load resistance is low and fixed as for the input 
to a transmission line, the series-tuned form is most likely to give the 
required Q. 

The value of critical coupling k c is given by 



( 8 - 110 ) 


and the gain at resonance may be expressed in the form 



~ 2 9m 


( 8 - 111 ) 


Except for the factor Q\, this is the same as for the shunt-tuned case as 
given by Kq. (8-81). 

For frequencies near resonance, the substitution 1 -f- 5 = w/a> 0 may 
be made in Eq. (8-107), and by neglecting terms involving powers of b 
higher than the second, and other comparably small terms, the equation 
reduces to 


E. _ _k y /Cj/Ci Rig m 

E„ (1 /QxQo) + k 2 — 4 8 2 + j2S[(Q\ + Q*)/QiQ,) 


( 8 - 112 ) 


the absolute magnitude of which is 


E. 

E 


k V(Cl/C,) 


(I 


V[(i/Q\(h) + k 2 - 45 2 ] 2 + 4+ Q^/QxQtY 


(8-113) 


VA-^ 


M 


7V 


© 

o( 


This is identical in form to the approximate form for the parallel tuned 
circuit as given by Eq. (8-82), and therefore all the approximate rela¬ 
tionships for relative gain, bandwidth, position of the peaks in the over¬ 
coupled case, etc., as given by Eqs. (8-83) through (8-102) derived for 
the shunt case, are equally valid for the series-tuned case. 

Modified Series-timed Case. Inspection of Eq. (8-109) will show that 
as the frequency is increased, the required value of R 2 (, c) for a given 

bandwidth becomes smaller and may 
become much too small as a desired 
R load. Where this occurs, it is possi¬ 
ble to modify the series-tuned sec¬ 
ondary by capacitance loading across 

Fia. 8-17. Modified sories-tunrd circuit. i„„,i ^ r> u 

the load resistance /r 2 , as shown in 

Fig. 8-17. The resonant frequency and the over-all form of the 
response curve will both be affected by both C 2 and C 3 . However, they 
may be proportioned in such a way that the tuning is affected primarily 
by C 2 and the bandwidth and shape of the overcoupled response pri¬ 
marily by C 3 . For a specified bandwidth, a higher value of resistance 
loading may be used than for the basic series-tuned circuit. The circuit 
may be thought of as a combination of a series and shunt tuning, and the 


1-TK- 

, i 

© ' 
T 

1 
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required value of It* for a given bandwidth falls between the proper 
values for series and shunt tuning. 

8 -8. Cascaded Double-tuned Amplifiers. Either overcoupled or 
transitionally coupled stages may be cascaded for multistage amplifiers. 
In the overcoupled case, the fractional frequency deviation Si for the 
point at which the gain is equal to that at resonance is the same as that 
for each stage. The relative gain at the peaks for n stages is given by 

((?;*)„ = 

If n transitionally coupled double-tuned stages are cascaded, with all 
circuits having identical Q'a, the over-all gain relative to that at reso¬ 
nance is 

G = _ 1 

Go V(1 + 4J*Q‘r 

and the bandwidth for n stages is 

B n = B , ^ 2 »/» - 1 

The shrinkage of bandwidth as stages are cascaded is shown in Fig. 
8-18. This is seen to be much les^ rapid than that for the single-tuned 

10 


| 06 

c 

2 

3 0.4 

Y 

tx 

02 


012445678 

Number of stages 

Fio. 8-18. Shrinkage of bandwidth aa n equal-Q double-tuned stages are cascaded. 

stages but imposes a maximum possible over-all bandwidth limitation in 
the same manner. 

The shrinkage of bandwidth may be decreased by a type of tuning of 
successive stages known as stagger damping,' in which successive stages 
are alternately overcoupled and undercoupled in such a manner as to 
yield the maximally flat type of response curve. It can be shown that 
this method is applicable primarily to the case in which the primary Q 
is infinite because of the greater gains which can be obtained in the over¬ 
coupled case for unequal Q’ s. This gain difference is apparent from refer¬ 
ence to Fig. 8-12 and Fig. 8-13. 

* Valley and Wallman, op. eit., Chap. A. 



(8-114) 

(8-115) 
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In the case in which the primary Q of each circuit is sufficiently high 
in compaiison with the secondary Q so that it may be considered as infi¬ 
nite in the response equations, yet the secondary Q is sufficiently high 
so that the high-Q approximations may be made, the successive stages 
may be designed in the following manner: 

The coefficient of coupling k of each circuit is made equal to the frac¬ 
tional bandwidth, i.e., 

k = fi n (8-116) 

are designed according to the 


(8-117) 


and the secondary Q’s of successive stages 
sequence 

1 


Q i = 


20 „ sin 


4 n 


Q2 = 


2 0 n sin 


4n 




This is a very convenient design, inasmuch as all transformers are iden¬ 
tical, the only difference in successive stages being in the values of damp¬ 
ing resistor. 

Because the conditions imposed for this design (infinite primary Q ) 
cannot be realized, the results are only approximate and final values 
must be determined experimentally. 

8-9. Other Forms of Bandpass Circuits. Because of problems of 
physical realizability, it is sometimes desirable to use the t or T equiva¬ 
lent of the double-tuned circuit. Comparison of the basic circuit equa¬ 
tions shows that, at the terminals, the circuits of Fig. 8-19a, b and c are 
identical provided 


and 


Z a — jo)(L i — M) 

Z b = ML 2 - M) (8-118) 

Z e = jcoM 


„ . uu - M* 

Zl = }a _ M 

v . L\Lt — M 2 

Zl = - M - 

„ . UL, - M 1 

u - M 


K 


(8-119) 
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A bandpass filter may be derived from a low-pass filter by application 
of the following rules: 1 

1. Leave all resistances unaltered. 

2. Replace each capacitance C in the low-pass filter by a capacitance 
C/2, and put in parallel with it an inductance resonating with it at the 
desired center frequency /o. 

3. Replace each inductance L in the low-pass filter by an inductance 
L/2, and put in series with it a capacitance resonating with it at/ 0 . 


W 


o 
r o 
M oi 
o 


o 

O 


Zl 


n 


(a) Coupled circuit 



Z a -juj(L 1 -M) 
Z b -ju)(L 2 ~M) 
Z t -ju>M 


(6) T-equivalent 



(c) r-equivalent 


jto 

jco 

ju> 


(L x L 2 -M 2 ) 

LpM 

(L,Z. 2 -«2) 

M 

(L x L2-M 2 ) 
r. - 


Fi<j. 8-19. EquivaK'iit-r'ircuit forms cf double-tuned circuit. 


These transformations result in a bandpass filter symmetrical about/ 0 , 
with a bandpass twice that of the low-pass filter. 

It may be seen that the parallel RC circuit which represents the resist¬ 
ance-coupled amplifier has a bandpass analogue consisting of the parallel 
RLC circuit. This and other low-pass-bandpass analogues are illus¬ 
trated in Fig. 8-20. 

Application of these principles leads to bandpass circuits having very 
high gain-bandwidth products. The more complicated designs are sel¬ 
dom used, however, because of the large number of individual resonant 
circuits in each stage, each of which must be properly tuned. 


> Ibid., Chap. 7. p. 276 









254 FUNDAMENTALS OK TELEVISION ENCINEEIlINt; 

8-10. Unsymmetrical Response Curves. The bandpass circuits previ¬ 
ously described are intended to yield response curves having approximate 
symmetry about a center frequency f 0 . Frequently, it is required that 
this shape be modified somewhat in order to provide a more sloping char¬ 
acteristic on one side of resonance or to provide high attenuation at spe¬ 
cific frequencies, as shown in Fig. 8-21. The unsymmetrical characteris¬ 
tic can be obtained by properly disposed stagger-tuned stages of either 




W 0 

Low-pass filters Bandpass filters 

FlO. 8-20. Low-pass-bandpass analogues. 


V 

'« h 

Fig. 8-21. Unsymmetrical response curve with high attenuation at a specific frequency. 

single-tuned or double-tuned variety. High rejection at specific frequen¬ 
cies may be obtained by additional resonant elements tuned to the proper 
frequencies. One possible method is the so-called “trap” circuit of Fig. 
8 -22a and 6, where the series LC combination provides a low value of 
shunting impedance across the load circuit at the self-resonant frequency 
of the series combination. Another is t hat of Fig. 8-22r, in which a parallel 
resonant high-Q circuit is inserted in the T form of the bandpass circuit to 
provide high attenuation at the resonant frequency of the parallel circuit. 
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Still another form is]the absorption-type trap circuit of Fig. 8-22 d, in which 
the mutual inductance effectively couples an impedance in series with the 
primary winding. 



if) 

Fio. 8-22. Circuits for high attenuation at specific frequencies. 

From Eqs. (8-61) and (8-G2), the effective impedance represented by 
the inductive branch of the primary circuit of Fig. 8-22d, including the 
coupled impedance, is 

-7/ _ i r i uW 2 

Z = r. + ]r»L x + + _ (1/<jC;)| (8-120) 

which can be expressed in normalized form and reduced to real and reac¬ 
tive components 


Z' = IV + jX' 


(8-121) 
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R' = r, + 


(&>/ mi) (a)/t>? 2 ) QiQjr ifc 2 
1 + Q2 2 [(w/w 2 ) — (oJ 2 /co)] 2 


(8-122) 


and 


, r/ O) ft 1 + Q 2 2 [(w/o) 2 ) — (co 2 /C»>)] 2 — Q2 2 k 2 [( a)/a>i) i ll 

x = ^ riQl - \+Wi (^)F 

In order to obtain the over-all response, it is, of course, necessary to 
find 

7 _ (#' + jX')[Ri/(\ +juR\C)} (8-124) 

Ze? " R’ + jX' + lRi/(l + juRiC)] 


at all frequencies within the range of interest. 

It is the purpose of the circuit to reduce Z eq to a very low value at a 
specific frequency with negligible effect at frequencies not far removed. 
Analysis of Eq. (8-121) shows that the over-all impedance may be made 
to reach a minimum at a frequency near w/w 2 = 1 if the secondary Q is 
high and the circuit is loosely coupled to the primary. 

Other types of trap circuits are forms of the bridged T, two of which 

are shown in Fig. 8-22c and /. 



CHAPTER 9 


THE TRANSMITTER-RECEIVER RELATIONSHIP 


9-1. Introduction. The relationship between the television trans¬ 
mitter and the television receiver is, in part, the same as that between 
the radio communications transmitter and the receiver. In both cases, 
the intelligence to be conveyed is used to vary some characteristic of an 
r-f carrier wave (usually its amplitude or its frequency) in accordance 
with this intelligence. This variation is known as modulation. The 
modulated r-f signal appears in the form of electromagnetic waves radi¬ 
ated into space by means of an antenna system, and at the receiving 
location the resultant electromagnetic energy causes current variations 
in an antenna. This current flows through a transmission line termi¬ 
nated at the receiver, where corresponding voltage variations appear 
across the terminating resistance. 

The receiver amplifies these variations and extracts from them the 
original intelligence. The method used to recover the original intelli¬ 
gence depends, of course, upon the method of modulation originally 
employed and upon the total intelligence in the signal or the efficiency of 
spectrum utilization. Historically, the development of monochrome tele¬ 
vision preceded by a number of years the transmission of images in full 
color, and it became necessary because of shortage of spectrum space to 
fit the additional chrominance information into the same channel width. 
This was possible only because of inefficient use of spectrum space to 
begin with. For example, no advantage had been taken of frequency 
interlacing as discussed in Chap. 2. The addition of color information 
calls for even more consideration of the detailed relationship between the 
receiver and the source, in order that satisfactory decoding and synthe¬ 
sis of complete color pictures take place. The transmitter-receiver rela¬ 
tionship is considerably more complex in the video system than in the 
audio system. The bandwidth requirements of the entire system, as has 
been shown in Chap. 2, are far in excess of what are required for aural 
information. Also, the “loek-and-key ” relationship between transmitter 
and receiver is much more rigid because of the necessity not only of con¬ 
veying the video information but of providing synchronizing information 
for timing the sweep circuits of the picture reproducer in the receiver as 
well. Because of the inherent bandwidth requirements of the video chan¬ 
nel and the limited space in the r-f spectrum, special attention must be 
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paid, in the choice of a television broadcasting system, to methods which 
will be as economical of bandwidth as possible. Also, the intimate rela¬ 
tionship between transmitter and receiver requires careful standardiza¬ 
tion of many more factors than in the case of aural broadcasting. 

9-2. Amplitude Modulation. If an r-f carrier voltage of angular 
frequency <o e , as shown in Fig. 9-la, is varied in amplitude in accordance 


\ /f\ f 



(b) 

(c) Amplitude modulated wave. Modulated wave 

Fiq. 9-1. Elements of the amplitude- Fio. 9-2. Modulation of r-f carrier with a 
modulated wave. single frequency. 

with information shown by Fig. 9-16, the resultant is the amplitude-mod- 
ulated wave of Fig. 9-lc. The dotted line defining the peaks of the car¬ 
rier-wave variation is known as the modulation envelope. 

For purposes of analysis, it is necessary to determine what frequen¬ 
cies are present in the output waveform. This may be done most con¬ 
veniently by considering the modulating wave of a single frequency, as 
indicated by Fig. 9-2. The complete equation of the modulated wave 
may be derived by first considering the wave of Fig. 9-2a, which is 

e\ = E e E m cos (9-1) 


e, = E, (1 + 


C08 




(9-2) 


This consists of a sinusoidal component added to a d-c component E e . 
Now, if the wave defined by Eq. (9-2) is made to vary sinusoidally as 

e = e x cos «« t (9-3} 
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the resultant wave may be expressed as 


where 


e — E e cos ^ c l (1 4- m cos u> m t) 


m 



(9-4) 

(9-5) 


is defined as the modulation factor. This wave is shown in Fig. 9-26. 

Equation (9-4) is one form of the well-known equation of the ampli¬ 
tude-modulated wave. Another form may be obtained from trigonomet¬ 
ric expansion of Eq. (9-4) and is 


= E c 


771 . . 771 . 

COS 0)4 T" 2" C0S + 2" COS \<*c ” u m )t 


(9-6) 


This equation shows that, for a carrier wave which is amplitude-modu¬ 
lated with a single frequency, the resultant wave consists of the carrier 
and components of both the sum and difference of the carrier frequency 
and the modulation frequency. If the modulating signal consists of more 
than a single frequency, the equation can be extended to include the sum 
and difference of the carrier and all frequency components of the modu¬ 
lating signal. 

Equation (9-6) shows that if the highest modulation frequency present 
in a modulated wave is cj m , and if the modulated wave is to be trans¬ 
mitted without distortion, the transmission channel must be at least of 
width 2 u) m and centered about o> e . 

The components 

«c + <*> m 
We — W m 


are known as sideband frequencies, and each conveys information about 
the modulating frequency. Whether both these sidebands are necessary 
will be determined after consideration of methods for recovering the mod¬ 
ulating information at the receiver. 


9-3. Detection of Amplitude-modulated Waves. It is the purpose of a 
detector to recover the modulation 
component from the modulated r-f 
signal. This information is repre¬ 
sented by either the upper or the 
lower envelope of the wave of Fig. 

9-lc or Fig. 9-26. If the amplitude 
is sufficiently high, the required 



Fio. 9-3. Uaeic linear detector 


imormation may be extracted by the linear detector of Fig. 9-3 if the 

highest modulating frequency is low in comparison with the carrier 
frequency. 
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On each carrier peak, C charges toward the peak of the input. On the 
downswing of each carrier cycle, the diode becomes nonconducting, and C 

discharges through R. This dis- 



(a) Input wave 



(6) Output wave for proper RC product 


charge is represented by the equa¬ 
tion 

e = Ee-*'« c (9-7) 

where E is the voltage at the time 
discharge starts to take place. 

For the input wave of Fig. 9-4a, 
the output wave is that of Fig. 9-46 
for a properly adjusted value of RC 
product. If the RC product is too 
small, the waveform is that of Fig. 
9 -4c, and if it is too large, it is that 
of Fig. 9-4 d. 

The proper value for the RC time 
constant should be such that the 
rate of decay at any portion of the 



(c) RC product too small 


modulating cycle is greater than 
that of the rate of decay of the 
modulation envelope. This condi¬ 
tion can be shown to occur approxi¬ 
mately when 1 



(9-8) 




(d) RC product too large 
Fig. 9-4. Operation of the linear detector. 


where is the highest modulating 
frequency present in any modu¬ 
lating signal. 

Additional filtering is usually 
necessary to remove residual r-f 
components as represented by the 
serrations in the output waveform. 
This added filtering is shown in 
Fig. 9-5. Such filtering requires 


that the result of Eq. (9-8) be modified to take into account the effect of 


the additional time constant. 

9-4. Single-sideband Transmission. Commercial radio broadcasting 
utilizes, for transmission purposes, the complete modulated wave dis- 

* More detail on the proper design of linear detectors may be found in the extensive 
literature on radio engineering. See, for example, S. Seely, “Electron-tube Circuit*,” 
Chap 14 McGraw-Hill Book Company, Inc., New York, 1950. Also, see F. E. 
Term ah, “Radio Engineering,” 3d edition. Chap. 10, McGraw-Hill Book Company, 

Inc., New' York, 1947. 
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cussed in Sec. 9-2, which requires that the bandwidth of the transmission 
channel be at least twice the value of highest modulating frequency. The 
usefulness of this method of modula¬ 
tion lies in the fact that the receiver 
requires only a very simple type of 
detector, such as the linear diode 
detector, for recovery of the modu¬ 
lation components. However, if 
either upper or lower sidebands (fre¬ 
quencies either above or below the 
carrier) could be eliminated, a saving of a factor of 2 in bandwidth could 
be effected. 

The equation of a wave modulated by a single frequency with one side¬ 
band subsequently removed by a frequency-selective filter is 



c 



w 


cos u ) f t -f 2 cos 



-f 0) c )t 


(9-0) 


which can be expanded to the form 


e 


Ec COS OJrt 



I m , 

+ — COS U)J 


mE e . 

— — Sill U) f t sill ( 0 m t 


(9-10) 


The first term of Eq. (9-10) is identical in form to the equation of the 
original modulated wave except that the effective modulation factor is 
reduced by a factor of 2. This component is plotted in Fig. 9-6a for 
m = 0.8 and for oj e = 20u>„,. The second term is plotted in Fig. 9-6 b and 
the sum in Fig. 9-6c. The shape of the modulation envelope is only 
slightly different from that of the original modulated wave, except, of 
course, for the amplitude factor. 

A linear detector will therefore recover the modulation component 
except for a small amount of distortion. This distortion becomes less for 
lower modulation factors. 

9-6. Partial Suppression of One Sideband. Practical difficulties 
exist in single-sideband systems where very-low-frequency modulation 
components exist. These components give rise to sidebands very close to 
the carrier frequency, which are difficult to remove by physically realiza¬ 
ble filters. 

If a modulated carrier is passed through a transmission channel having 
the bandpass characteristic of Fig. 9-7a, the output is the same as for the 
double-sideband system for modulation frequencies within the range 
u m < u a . The output for modulation frequencies in this range is of the 
form 


e = E t cos o) r t (1 -f m cos co„f) 


(9-11) 
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but for modulation frequencies in the range o) m > u ai the output is 


e = E e cos o)et \ l + 2 'cos 




+ 5 


(9-12) 


where 5 represents the distortion term of the single-sideband system. 
For such a system, if the video bandpass characteristic is that of Fig. 





Fig. 9-6. Elements of single-sideband transmission. 


9-7 b, the output of the detector of the carrier wave modulated by fre¬ 
quencies throughout the video pass band would be the function of fre¬ 
quency shown by Fig. 9-7c, which shows attenuation of h-f components 
relative to 1-f components. However, in early experimentation, it was 
found that for a given available channel width, that improvement in the 
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ability of a system to reproduce fine detail results when the carrier is 
detuned from the center of the pass band, 1 becoming roughly twice as 


great as the carrier approaches the 
edge of the band. This situation 
has been analyzed on a transient 
basis by use of Fourier-integral 
methods with the following results: 2 

If the system bandpass charac¬ 
teristic is that of Fig. 9-8 with 
idealized phase characteristic shown 
and the numbers representing vari¬ 
ous carrier positions, the over-all 
system response to a carrier, modu¬ 
lated by a step function (modula¬ 
tion depth m = 1) is that of Fig. 
9-9. Xo improvement in rise time 
is noted when the carrier position 
is shifted from the center. How¬ 
ever, if the ability to resolve detail 
is measured by the ability to re¬ 
solve closely spaced pulses, the re¬ 
sults are those of Fig. 9-10. 1 he 

spacing is chosen such that, for the 
full double-sideband system, the 
detail is completely lost. Detail is 
successively improved as the carrier 
is displaced farther from center. 



e 1 

1 

1 




1 

i 

i 

i 

■ 



U) Q to 0 +u Q co 


(a) Transmission channel bandpass 


e ‘ 

i 

i 





f — 

i 

i 

i 

■_ 




0 <^ a 


co 


(6) Bandpass characteristic of video 
modulating source 


e 1 





co a CO 

co <*> 


(c) Output of detector for all frequency 
components 

Fin. 9-7. Partial suppression of one side¬ 
band. 



Fio. 9-8. System bandpass characteristic with idealized phase characteristic. 


1 W. J. Poch and D. W. Epstein, Partial Suppression of One Sideband in Television 
Reception, RCA Rev., January, 1937, pp. 19-35. 

* Stanford Goldman, Television Detail and Selective-sideband Transmission, Proc. 
IRE, Vol. 27, No. II, November, 1939. 
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“10 -0.5 0 0.5 1.0 


Time, microseconds 

Fig. 9-9. Response of system of Fig. 9-8 to a step function for various carrier positions. 
(' Goldman, Proc. IRE.) 



Position 1 Position 2 Position 3 



Position 4 


Position 5 


Pos 


tion 6 


Fm. 9-10. Over-all impulse response for various carrier positions. (Goldman Proc. 
IRE.) 


For lower values of modulation depth, the step-function response 
improves as shown by Fig. 9-11 1 for a slightly different bandpass char¬ 
acteristic and for a particular carrier position. Asm approaches zero, the 

1 R. D. Kell and G. L. Fredendall, Selective Side-band Transmission in Television 
RCA Rev., April, 1940. 











THE THANSMITTEU-HECE1VEK RELATIONSHIP 


265 




Fir,. 9-11. Step-function response of carrier shifted system for lower modulation 
depths. Ui. »■ Kell and G. L. Fredendalt, RCA Rev.) 


step response approaches that of the double-sideband system of nearly 


twice the bandwidth. 

9-6. Vestigial-sideband Trans¬ 
mission. Because of the extended 
bandwidth requirements for video 
signals, it is desirable to make use of 
the band-saving techniques of single- 



fa) Transmission channel 


sideband transmission. However, 
the fact that the video signal con- 
tai ns very-low-f requency components 
leads to the difficulties discussed in 
the preceding section. 

It is desirable to obtain resolution 



(6) Receiver attenuation system 


corresponding to the selective side¬ 
band system while minimizing the 
distortion which might be present 
due to unequal amplification of fre¬ 
quencies both near to and far from 
the carrier. This improved resolu¬ 
tion may be accomplished by utiliz¬ 
ing a system bandpass characteristic 
of the form shown in P'ig. 9-11, and 



<c) Transmitter attenuation system 


Fi«. 9-12. Transmitter and receiver 
characteristics for vestigial sideband 
system. 
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again in Fig. 9-12a, with the carrier placed at a position halfway down on 
the response curve. It is this particular characteristic that is generally 
referred to as the vestigial-sideband system. 

If only a single modulation frequency is considered at a time, the input 
to the transmission channel is 


e io = E c cos oj c t -f ^ cos (w e + c c m )t + ™ cos (a> c — u m )t 


(9-6) 


For the modulating frequency near the carrier, io, n < o) a , the output is 


KEc . , 
Cout = —s- COS 0)4 -f- 


(! + -)¥ 


COS (u c + D m )t 


, (K A E c m 

•• \2 - A )~r 


cos (o> f - a) m )t (9-13) 


which can he reduced to 


KE e , . m . v, , m . 

Cout = — 2 ~ cos vet + cos (w c + co m )t + — cos ( 


C0 e — £j m )<j 


AE r m sin wj sin u m t (9-14) 


which can be written as 


e„ ut = 


KE t 


cos o)4 (1 4 ■ m cos o) m t) + 


(9-15) 


where 5i is a small error term which reaches a maximum value when 
A = K/2 at oj m = o) a . 

For frequencies in the range co m > o>„, the output voltage is 

KE C 


C 0 ut 


cos o) c t (1 + m cos o) m t) 4- 6 2 


(9-16) 


where 5 2 is the error term of single-sideband transmission. At w m = o) a , 
the error terms given by Eq. (9-15) and Eq. (9-16) are identical. 

Thus, for the vestigial-sideband system, sidebands near the carrier are 
treated identically with sidebands far removed from the carrier except 
that the error term inherent in single-sideband transmission becomes less 
in the region near the carrier. 

In theory, it matters little whether the specified bandpass characteristic 
is obtained at the transmitter, the receiver, or a combination of both 
places. If it is located at the receiver, the transmitter bandpass should 
be wide enough to cause no frequency-selective losses of its own, in other 
words, it should completely bracket the receiver characteristic. This 
method is known as the receiver-attenuation (RA) method, for which the 
transmitter and receiver characteristics are illustrated in Fig. 9-126. 

When the required bandpass characteristic is obtained at the trans¬ 
mitter, it is known as the transmitter-attenuation (TA) system. The 



the TRANSMITTER-RECEIVER RELATIONSHIP 267 

transmitter and receiver characteristics for this method are illustrated in 
Fig. 9-12c. 

The RA system has been chosen as standard for commercial broad¬ 
casting in the United States, although each system has its particular 
merits. 1 



(a) Transmission system 



(6) Modulated carrier 



(c) Signal after passing through transmission channel 



[d) Output of ideal detector 

Fkj. Transient response of typical r-f transmission system. 


In the TA system, four times the sideband power for a given modulating 
frequency can be obtained for the same carrier power. This would allow 
a decrease in the required receiver sensitivity. However, this advantage 
is offset by the difficulty of obtaining the characteristic at high power 
levels in the transmitter, and by the required increase in receiver band¬ 
width, resulting in a more serious problem of adjacent channel interference. 

1 D. G. Fink, "Television Simulants ami Practice," Chap. 7, McGraw-Hill Rook 
Company, Inc., New York, I'JIT 

This volume was compiled from the proceedings of the National Television Systems 
Committee, headed by I)r. \V R G. Raker, which in 1940 was given the responsibility 
by the Radio Manufacturers’ Association flitter changed to Radio, Electronic, and 
Television Manufacturers’ Association) to formulate a complete set of standards for 
commercial monochrome television broadcast service. I hese standards were accepted 
in principle by the FCC and are the basis for present-day commercial standards. 
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9-7. Transient Response of Bandpass Amplifiers to Amplitude-modu¬ 
lated Signals. Mention was made in Sec. 9-5 of the step-function 
response and impulse response of the selective sideband system when such 
a system has a linear phase characteristic over the pass band. At this 



(a) Single tuned circuit 



(6) Suddenly applied carrier 



(c) Response 


Fig. 9-14. Transient response of tuned 
circuit for centered carrier operation. 


time, it is desirable to investigate 
the transient characteristic of phys¬ 
ically realizable bandpass amplifiers 
in general. 

The transient response of a band¬ 
pass r-f amplifier refers to the out¬ 
put of an ideal linear detector, into 
which is fed an input consisting of 
a r-f carrier, modulated by a single 
step function, after it has passed 
through the bandpass circuit under 
consideration. For example, if the 
system is represented by Fig. 9-13a, 
the modulated carrier is that of 
Fig. 9-136, the signal after passing 
through the transmission channel is 
that of Fig. 9-13c, and the output 
of the detector is that of Fig. 9-13d. 
These waveforms are shown for 
both negative and positive modu¬ 
lation polarities. In the final anal¬ 
ysis, the modulation envelope is 
the part of the response which is of 
interest. 

As an example of the transient 
response of a particular circuit, con¬ 
sider the single-tuned bandpass 
amplifier of Fig. 9-14a. The differ¬ 


ential equation of the output voltage is 


dh{t) 


+ 


1 


+ LC K ) ~ C dt 


d/ 2 ' RC dt 

for which the general transform equation is 


(9-17) 


m = 


sl(s) 


+ 


<0 )[s + (1 /RC)] 


(9-18) 


C[s- + (1 /RC)s -|- (l//,f)] ' * s + (1//?0* + (1/7,0 

With the Q at resonance defined by Q n = /?/o> 0 /, = u 0 R(\ and o> 0 2 = 1 /LC> 
Eq. (9-18) may be expressed as 

_*!(*)_, e(0)[* + (o>o/Qo)] 

n«* + fa'Q*)* + cor, 2 ] ^ S 2 + («„/<?o)» + coo 2 


FAs) = 


(9-19) 
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Modulation of a carrier wave of frequency «, applied as a current to the 
•. L.. vn ; s represented by suddenly changing the amplitude of 

^p'anolied carrier With an effective modulation depth of 1 this is 
9-146. 


The excitation is 

and from Kq. (B-5) 


i(t) = I sin co e t u(t) 


n*) = 


I die 


S 7 + die 


(9-20) 


(9-21) 


With the above excitation, Kq. (9-19) is 

/«,» . + (“»/<?»)] (9-22) 

FA*) = c (PT l^)W+J^/Qo)s + 

The general solution may be found from E„s. (B-13) and (B-.8) of Appen- 
dix B to be 


I 


(t)t 


“ r W - + 


TH?]’’"" ( “' 


t + <h) 


+ 


late [ f** - _— 1 F~ aX sin (0 1 + 4>i) 

0 1 (0«> 2 - Oir 3 ) + 4a WJ 


+ 


c(0) 

0 


IQjj? _ + 0 2 j e~ al sin (0/ + 0s) (9-23) 


where 


0>0 


a — 


0 




2Qo 

<y>, = 90° - tair' 


2aoi f 

0 o- - w , 2 


00 * = o 8 + 0 2 


<f > 3 = tail 


— a 

A 


<*>i = tan ' “ tan 1 


— 2a0 

a" — fl 2 + 


— a 


Consider the simplified case in which the carrier is placed at the center 
of the pass band; that is, «, = «o, and that the Q is sufficiently high so 

that Oo » 1 which leads to the approximations 0 = wo, 0 » «, 0o 2 ~ «o*. 
' Also' if the special case is considered in which the carrier is initially 

zero, e(0) = 0, then E*|. (9-23) reduces to 


e(l) = I /{(1 - s i n uot 




This result is shown in Fig. 9-14r. 

The equation of the modulation envelope is 


e{t)» = 1 - 


(9-25) 



FUNDAMENTALS OF TELEVISION ENGINEERING 


The result shown by this equation is the same as that obtained from 
a low-pass circuit consisting of a current source of a step function applied 
to a parallel RC circuit with twice the RC time constant. These situa¬ 
tions are shown in Fig. 9-15. These results are in general agreement with 
the low-pass-bandpass analogues discussed in Chap. 8. 

In principle, the envelope response may be found for any bandpass 
characteristic and any carrier position and any modulation depth by the 
same methods, but the results become quite cumbersome for any but the 
simplest cases. For example, even Eq. (9-23) for the arbitrary carrier 
position for the single-tuned circuit is quite complicated. 



(a) RC circuit response 


i(0 



(6) Tuned circuit response-for same RC 

I io. 9-15. Comparison of low-pass and bandpass circuits for equal ItC time constants. 

If the bandpass circuits in question are those for which the low-pass 
analogue exists, the transient response may be approximated by that 
of the low-pass circuit and can be found directly by the methods of 
(’hap. 7. This equivalence refers to centered carrier operation, and it 
must be pointed out that, for an equivalent rise time, the bandpass must 
be twice that of the equivalent low-pass circuit. For example, the 
transient response of the single-tuned circuit may be approximated by the 
response of the resistance-coupled amplifier, but for the same gain- 
bandwidth product as for the low-pass circuit the rise time will be twice 
that of the low-pass circuit for a given gain. This fact is apparent from 
the double-sideband character of amplitude modulation. 

The transient response may be found directly in the case in which the 
response curve displays arithmetic symmetry. For example, the approxi¬ 
mate equation for two stagger-tuned stages is of the form 

G 1 + j(x - x7) 1 + j(x -f X,) (9-26) 

and the over-all response for various amounts of staggering is shown In 
Fig. 9-16a. An equivalent low-pass circuit would have the response 
shown in Fig. 9-166, and the form of the equation would be the same since, 
in each case, x is proportional to the departure from the center frequency 
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(a) Stagger tuned response for various amounts of staggering 
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(6) Equivalent low-pass response 

Flu. 'J-lti. Comparison of low-pass and bandpass responses. 


/o. In the low-pass case, f„ = 0. Therefore, the Laplaec-transform 
methods may he used directly on Eq. (9-26) in the following manner: 

If the variable s is defined by 


s = jx 


Eq. (9-26) may be written in the form 


G(m) = 


1 


+ 2s -f (1 + x, 2 ) 


rrrii n*) 


where F(s) represents the form of excitation. 
If F{s) is the step function l/«, then 


G'{s) = 


1 


«[« 2 + 2« + (l + X ,2)J 


(9-27) 


(9-28) 


(9-29) 
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The inverse transform for this equation may be found in the tables to be 

G'{t) = , ‘ +- 7 ==. e - ' (*i< ~ *) ( 9 " 3 °) 

where <t> = tan -1 (+xi/— 1 ). . • 

The above equations are observed to be normalized on the basis of a 
single circuit bandwidth of 1 Me, in which case the time scale is in units 
of microseconds. 



Fio. 9-17. Transient response of stagger-tuned stage. 


The response represented by Eq. (9-30) is plotted in Fig. 9-17, 1 includ¬ 
ing the maximally flat case of X\ — 1 . 

Equation (9-26) might be referred to as that of a two-pole network and 
not only represents the response of the staggered pair but is identical in 
form with the simplified case of the double-tuned circuit. 

The general methods described here are applicable to any number of 
stagger-tuned, double-tuned, or any combination of such stages, although 
they become much more cumbersome to apply as the number of tuned 
circuits are increased. 

The results for n maximally flat stagger-tuned stages are shown in 
Fig. 9-18. 

1 A more detailed discussion of the relative merits of various combinations of 
stagger-tuned stages will be found in G. E. Valley, Jr., and H. Wallman, “Vacuum 
Tube Amplifiers,” Chap. 7, McGraw-Hill Book Company, Inc., New York, 1948. 
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It should be pointed out that staggering for maximum flatness is not 
necessarily the best criterion of performance. 1 For example, it is possible 
to overstagger two sets of cascaded triples in such a way that the over¬ 
shoot is about 15 per cent, which compares with that for a flat staggered 
sextuple with about 7 per cent slower rise time. 

It must be cautioned that the methods discussed are only approximate 
and are good only for small fractional bandwidths. They are not rigor¬ 
ously applicable directly where there is a tilt across the top of the band¬ 
pass characteristic or in the asymmetrical sideband cases discussed in 
Secs. 9-5 and 9-6. 



0 0 1 0 8 1.2 1.6 2 0 2.4 2.8 3 2 3.6 4.0 

Time, microseconds 


Fio. 9-18. Transient response of n stagger-tuned stages (maximally Hat oaso). 

The transient response for the asymmetrical sideband system illus¬ 
trated in Sec. 9-5 is not realizable in practice because the ideal linear phase 
characteristic across the band cannot be obtained.* 

In the particular case of the vestigial-sideband system, two basic 
factors tend to prevent the transient response from being accurately 
determined by the method of the low-pass analogues just discussed. One 
of these is the error term 6 inherent in the single-sideband system, and 
the other is the nonlinear phase characteristic introduced in the neighbor¬ 
hood of the carrier due to the required cutoff characteristics. For small 
modulation percentages, the error term has little effect. The phase 
distortion near the carrier accounts primarily for improper registration 
of the 1-f components in the resultant output, which results primarily in 
a tilt across the top of the wave as well as a leading spurious signal ahead 
of the main transition as opposed to oscillatory overshoots, which are due 
to h-f phase and amplitude distortion. 

9-8. Over-all System Response. The response of the complete tele¬ 
vision system with limited bandwidth, including the pickup device, video 

1 See ibid. 

* For detail on methods which may be used for unulyds of asymmetrical sideband 
systems, see S. Goldman, "Frequency Analyst*, Modulation, and .Noise," Chap 4 
McGraw-Hill Book Company, Inc., New York, 1948. ' 
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signal circuits, and the cathode-ray picture tube, may be thought of 
ideally as the step-function response having no overshoot and the fastest 
possible rise time consistent with the allowable bandwidth. The ampli¬ 
tude characteristics of such a re- 



fa) Idealized response, sharp cutoff, 
linear phase 



(6) Typical response, double sideband, 
non-linear phase near cutoff 



(c) Typical vestigial sideband system response 
non-linear phase response in vicinity of carrier 



(d) Typical vestigial sideband system 
response with phase correction 


Fin. 9-19. Defects of vestigial-sideband 
systems and their correction. 

the actual response is likely to be 


sponse would be represented by the 
Gaussian error curve with linear 
phase characteristics as discussed in 
Chap. 7. 

Because of channel-width limita¬ 
tions and the necessity of sharp 
cutoff characteristics in the trans¬ 
mission channel itself arising from 
the problems of adjacent channel 
interference, such an over-all re¬ 
sponse is not practical as far as the 
r-f circuits of either the transmitter 
or the receiver are concerned, and it 
is necessary to consider as an ideal 
(as far as this part of the system is 
concerned) the bandpass filter with 
infinitely sharp cutoff at the edge of 
the pass band with linear phase char¬ 
acteristic, also discussed in Chap. 7. 
The actual response of a physical 
system with sufficiently sharp cutoff 
differs from the ideal because of non¬ 
linear phase characteristics near the 
edge of the pass band. The ideal 
response is shown in Fig. 9-l9a, and 
a response of a typical system is given 
in Fig. 9-196 showing an overshoot 
greater than the ideal. Where the 
system has further limited band¬ 
width as in the vestigial-sideband 
case which has just been discussed, 
as shown in Fig. 9-19c, the spurious 


leading response and the tilt across the top of the wave being due to the 
nonlinear phase characteristic near the carrier. 

Various proposals have been made that this inherent characteristic be 
compensated for by all-pass phase-correcting networks inserted in the 
video channel feeding the transmitter, 1 such correcting networks com- 

» R. D. Kell, and G. L. Fredendall, Standardization of the Transient Response of 
Television Transmitters, RCA Rev., March, 1949. 

E. D. Goodale and Ralph C. Kennedy, Phase and Amplitude Equalizer for Tele¬ 
vision Use, RCA Rev., March, 1949. 
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pensating for phase shift at the high edge of the pass band as well as for 
that near the carrier. The response shown in Fig. 9-19c when corrected 
in this fashion is shown in Fig. 9-19d. 

9-9. Frequency Modulation. It has been pointed out that the fre¬ 
quency of a carrier wave might be varied in accordance with the intelli¬ 
gence to be transmitted. This system has found widespread use in aural 
broadcasting but only restricted use in special systems in the broadcasting 
of video signals. However, it has been adopted as standard in commer¬ 
cial television broadcasting in this country for the transmission of the 
aural portion of the complete television program transmission. 

The methods and systems used in frequency modulation (fm) are far 
too extensive for discussion here. 1 However, it is desirable to present a 
brief analysis of the basic frequency-modulated (f-m) signal and compare 
it with amplitude modulation previously discussed. 

The equation of an unmodulated carrier wave may be written as 

e c = E e sin u> c t (9-31) 

and a modulating signal as 

e m = E m cos co m t (9-32) 

If the frequency of the carrier is varied sinusoidally in accordance with 
the modulating information, the frequency variation with time is 

«(0 = We + kfEm cos U) m t (9-33) 

where kj is a constant determining the extent of frequency excursion for 
a given E m . 

The equation of a carrier signal may be written as 



c e = E c sin <f> 

(9-34) 

with the angle <£, 

determined by 



^ = « = w t + k/E m cos u) m t 

(9-35) 

from which 

4>(0 = ud -f- k f — sin u> m t 

W n 



(9-36) 

This, when placed 

in Eq. (9-34), yields 



e = E t sin (uj + k/^p sin a > m l) 

P-37) 


The frequency of this resultant wave varies between the limits 

f e ± 


• For more detail on practical frequency methods aa well as methods for reenvArW 
modulation components, see Seely, op. tit., Chap. 17. IOf reoovenil K 


276 FUNDAMENTALS OF TELEVISION ENGINEERING 

The maximum swing from the center frequency is termed the frequency 
deviation and is 

/. - */ f= ( 9 - 38 > 

The ratio of the frequency deviation to the modulating frequency is 
defined as the modulation index, 



(9-39) 


In a frequency-modulation system the ratio of the maximum frequency 
deviation to the maximum modulating frequency is defined as the devia¬ 
tion ratio. 

The ratio of the frequency deviation to the carrier frequency may be 
expressed as 

^ = 1 V — (9-4°) 

fc <*c 

By making use of Eq. (9-38), the equation of the f-m wave, Eq. (9-37) 
may be written as 

e = E e sin (uc/ -f- 5 sin <a m t) (9-41) 

This is one form for the equation of the f-m wave. 

In order to determine the frequency components actually present in the 
f-m wave, Eq. (9-41) can be expanded by the use of trigonometric iden¬ 
tities and the use of Bessel functions, with the result 

e = Jo{d)E e sin o)J + Ji(8)[E c sin («« + a m )t - sin (« e - « m )f] 

■+• Jt(8)[E e sin (aj e + 2u} m )t + sin (w c — 2u m )t] 

+ J 3 (8)[E e sin (w c + 3c o m )t — sin (a> e — 3w m )<] + * * • (9-42) 

where J„(5) is the Bessel function of the first kind of the order n with the 
argument (5) and is given by 


Jn(5) “ 2-n! L 1 2(2n + 2) + (2)(4)(2n + 2) (2n + 4) 

_ ?! _ + 

(2) (4) (6) (2a + 2)(2n + 4)(2n + 6) ^ 

It is demonstrated by Eq. (9-42) that a carrier wave, frequency- 
modulated by a single frequency, has frequency components of the earner 
frequency and the sum and difference of the carrier frequency and all 
harmonics of the modulating frequency, whereas, in the amplitude- 
modulated case only the carrier frequency and the sum and difference of 
the carrier frequency and the modulating frequency are present. 

The bandwidth required for distortionless transmission of the f-m wave 
is theoretically infinite but in practice depends upon the lowest value of n 
which will cause J n {8) to become negligible. 
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The relative amplitudes of the sidebands of the f-m wave depend 
upon the exact deviation ratio. However, it can be shown that tor n 
sufficiently high, J n (8) can be made to become negligible. For example, 
the plot of Fig. 9-20 shows values of n for a given 8 which will make 
J n (8) less than 0.01 in all cases. 

Example. If an r-f carrier is frequency modulated with aural informa¬ 
tion having an upper frequency limit of 5 kc, and the frequency deviation 
for maximum modulating informa¬ 
tion amplitude is 25 kc, the devia¬ 
tion ratio is 

6 mo * = 2 % = 5 

From the plot of Fig. 9-20, it is 
seen that 

./»($) < 0.01 

Therefore, the bandwidth is re¬ 
stricted to 

f e ± 45 kc 

and only components less than 1 per 
cent of unmodulated carrier ampli¬ 
tude are excluded. This restriction does not result in serious loss of 
information. 

If the modulating frequency is changed to 100 cps with the same fre¬ 
quency deviation, the modulation index for this particular modulation 
component is 

a = 250 

From the curve, the bandpass in this case is 


1000 


1C3 


b 


10 


1 2 4 6 10 20 40 100 1000 

n 

Fig. 9-20. Value of n for a given 6 to make 
J n ($) less than 0.01. 



f c ± 25 kc 

It might neem, from consideration of the above example, that an 
unduly great channel width would be required at the higher modulating 
frequencies. This would be true if the frequency deviation reached the 
same maximum for all frequencies, but in practice the amplitudes of the 
higher-frequency audio components are relatively low and have corre¬ 
spondingly small deviation. This is such that no greater bandwidth is 
actually required for the h-f components than for the lower-frequency 
components. As a matter of fact, it is common practice in f-m broad¬ 
casting of audio signals to give preernphasis to the h-f components in 
order to improve signal-to-noise ratios in the system. Such preemphasis 

is in accordance with a 75- M »ec IlC time constant with a corresponding 
deemphaaiH at the receiver. ° 
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Certain advantages are inherent in the use of fm for the sound por¬ 
tion of the television signal. 1 These include the well-known advantages 
of f-m broadcasting in general, an improvement in signal-to-noise ratio 
for a carrier rating of less than half that of the amplitude-modulated 
transmitter, with a consequently lower-cost transmitter. Also, it makes 
possible a receiver which can be utilized for conventional f-m broadcast 
reception. These advantages must be balanced against the disadvantage 
of a slight increase in receiver complexity. 

Such advantages are not inherent in the use of fm for picture-signal 
transmission. Reproduced pictures over f-m transmission channels also 
exhibit undesirable “beat” patterns due to multipath transmissions of 
the various frequency components. 



9-10. The Standard Commercial Picture Channel. A commercial 
television broadcasting system can be evolved only after standardization 
of many factors, the most important of which is channel bandwidth for 
the television signal together with the type of modulation to be employed 
for both video and audio components of the television signal. The range 
of frequencies to be used for television channels depends upon the state 
of the art as far as utilization of useful frequencies is concerned, and 
the compatibility of the requirements of the television industry with the 
needs of other communication services. 

Channel allocations of 6 Me width for experimental stations as early 
as 1936 have tended to freeze bandwidths to within these limits. In sub¬ 
sequent years, no serious effort was made in the process of standardiza¬ 
tion to allow greater widths. Fortunately, the development of vestigial- 
sideband transmission and its standardization have allowed a reasonably 
acceptable television system to be developed within these limits. 

The standard television channel and idealized transmitter and receiver 
characteristics are shown in Fig. 9-21. Vestigial-sideband transmission 

1 See Fink, op. cit., Chap. 6. 
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of the RA type is specified. Amplitude modulation is employed for the 
picture carrier, with the carrier at the half response point of the receiver 
characteristic. Frequency modulation is specified for the aural transmis¬ 
sion with a frequency deviation of ±25 kc. The transmitter character¬ 
istic is seen to completely enclose the receiver characteristic, and except 
for phase shifts near cutoff of the partially suppressed sidebands, the 
functioning of the system is the same as though a double-sideband trans¬ 
mission were employed. The over-all characteristic is flat out to 4.2 Me 
beyond the carrier frequency, corresponding to a flat video bandwidth of 
4.2 Me. The sound carrier is placed 4.5 Me from the visual carrier. 

9-11. Color-system Characteristics. By the time commercial broad¬ 
casting in monochrome had become well established, it was apparent that 
(1) commercial development of color must fit into the same channels as 
allocated for monochrome and (2) a highly desirable feature of a color 
system would be that it be “compatible,” i.e., monochrome receivers 
should respond properly to signals in full color, although only a “black- 
and-white” image would be produced, and color receivers should be 
capable of responding to monochrome transmissions, although only a 
black-and-white image would be produced. 


The first of these requirements was met by the field-sequential system 
with reduced detail and flicker-free brightness capabilities. The system 
did not, however, meet the compatibility requirement. 1 Neither did it 
take advantage of the fact that individual colors might be transmitted 
at reduced bandwidth and, therefore, utilize the spectrum to its fullest 
capabilities. Intensive investigation showed that further refinement of 
band-shared systems, as discussed in Chap. 2, with color information 
interlaced in the spectrum with monochrome information would effec¬ 
tively fulfill both requirements. With this method, the standard com¬ 
mercial picture channel remains unchanged, and the r-f sections of the 
transmitter and receiver and, in that sense, the transmitter-receiver rela 
tionsh.p also remain essentially unchanged, except that more attention 
must be paid to the over-all phase characteristic of the system Addi 
tional receiver complexity occurs after r-f demodulation takes place and 

" n0t ' 8lr ! C y , T E ' a ‘"'“"fitter-receiver relationship. It should 

be pointed out however, that, in addition to normal video and synchro 
nixing information, some form of pilot signal giving information about 
the frequency and phase of the color subcarrier must be transmitted 
Aside from pointing this out, further discussion of the evolution a nd 


— «• 

by the FCC a* the standard broadcast 'ystorn dwte l ^tn ^ aw>roved 

Fo r aeompJete discussion of the field-sequential system see Peter C clw 
W. Christensen, and James J. Reeves, Color Television—II q Ct * r C - 0oldrnark , John 
Vol. 39, No. 10, pp. 1288-1313, October, 1951 . U S ' A * Standard - p roc. IRE, 
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description of the color components, based on the background in Chap. 2, 
in the compatible system is best reserved for Chap. 13, which is con¬ 
cerned primarily with a discussion of synchronization and picture-signal 

standards. . . 

9-12. Carrier-difference Sound Reception. The transmission char¬ 
acteristics shown in Fig. 9-21 imply high rejection in the video inter¬ 
mediate-frequency (i-f) channel of the receiver at the sound carrier, 
which is spaced 4.5 Me from the picture carrier. Such a characteristic 
means that the sound and video signals would be separated in the early 
i-f stages of the receiver and then the picture and sound would be ampli¬ 
fied in separate i-f channels tuned to their own i-f frequencies and demod¬ 
ulated by separate detectors. The same local oscillator and mixer would 
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(a) Separate i-f system 



(6) Intercarrier system 

Fio. 9-22. Alternate methods of sound reception in standard television system, 
normally be used for the entire signal. This receiver system is shown in 
Fig. 9-22a. With such a system, the local oscillator must be extremely 
stable; otherwise the discriminator might operate sufficiently off balance 
to result in conditions of extreme noise and distortion. Furthermore, 
extraneous f-m components might be present in the output. 

An alternate system of handling the sound is to use a common i-f 
channel for both sound and picture components. These components all 
appear in the output of the detector as shown in Fig. 9-225. The com¬ 
ponents of the f-m sound carrier are then centered around 4.5 Me (the 
difference between picture and sound-carrier frequency). These com¬ 
ponents can be further amplified by a ±25-kc bandpass amplifier cen¬ 
tered at 4.5 Me (which is now the sound i-f), limited, detected, and 
amplified as before. 1 Such a technique, commonly referred to as the 

i r. B. Dome, Carrier-difference Reception of Television Sound, Electronics, Vol. 
20, No. 1, pp. 102-105, January, 1947. 






THE TRANSMITTER-RECEIVER RELATIONSHIP 


281 


intercarrier sound system, does not depend upon a highly stable local 
oscillator for satisfactory sound reception but does depend upon the 
maintenance of a very close tolerance on the 4.5-Mc spacing between 
picture and sound carrier at the transmitter. Such tolerances are 
written into the FCC specifications governing commercial television 
broadcasting. 

In practice, the i-f response of the receiver must be reduced in the 
vicinity of the sound carrier as shown in Fig. 9-23 in order that the pic¬ 
ture-carrier amplitude always be larger than the total of the sideband 



Fiu. 9-23. Modified receiver bandpass characteristic suitable for intercarrier sound 
reception. 

components. The height of the shelf in the vicinity of the sound carrier 
should be comparable with the minimum level ever attained by the pic¬ 
ture carrier. Some amplitude modulation remains in the 4- to 5-Mc 
sound i-f, which, however, is sufficiently small so that it can be removed 
by limiters. It would not be possible to remove these amplitude-modu¬ 
lation components were amplitude modulation rather than frequency 
modulation used for the sound, and for this reason the entire carrier- 
difference system would not be practical. 

The video amplifier must contain a 4.5-Mc rejection filter in order to 
eliminate sound components from the picture signal. 


CHAPTER 10 


SIGNAL-CIRCUIT PROBLEMS AND TECHNIQUES 


10-1. Introduction. In the amplifier circuits, both low-pass and 
bandpass, discussed in preceding chapters, the tubes involved were used 
in the simplest fashion, i.e., one pair of input terminals and one pair of 
output terminals, with no feedback from output to input. The signal 
was applied to the grid and the output taken from the plate. It was 
understood that if self-bias was employed, an adequate capacitance was 
used in order that negligible impedance would appear in the cathode cir¬ 
cuit at any frequency of interest. In the case of a pentode, it was 
assumed that the screen was held at a constant potential. Similar 
results may be obtained by other types of connections of the tube and 
circuit. For example, it is possible to obtain bandpass characteristics 
similar to an overpeaked double-coupled circuit by the proper use of 
feedback. 

In addition to the ordinary frequency- and phase-compensated video 
amplifiers and the bandpass r-f amplifiers discussed in Chaps. 6 and 8, 
there are required, for many television applications, amplifiers having 
certain special characteristics. For example, it is often necessary that 
the output of an amplifier act as a very low source impedance to any 
load which might be connected to it or whose impedance actually matches 
the impedance of the load (which might, for example, be a transmission 
line having a given characteristic impedance). Many times, a load to 
which voltage is applied has a considerable amount of shunt capacitance, 
in which case the driving source must present a low output impedance if 
the h-f response is to be good. 

As another example, a need frequently arises for an amplifier in the 
video-frequency range of a simple type which is of a non-phase-inverting 
type or in which push-pull outputs are required, perhaps for the deflec¬ 
tion plates of a monitoring cathode-ray tube. 

Because of the several types of information which must exist in most 
video systems, means must be found for the time sharing of such signals 
(signal mixing), for clipping out unwanted signal peaks, and for restoring 
d-c levels which might have been removed as a result of passage through 
capacitance coupled amplifiers. It is also necessary to remove unwanted 
signal components or to restore others which may have been lost in pre¬ 
vious parts of the system. It is necessary to restore h-f response which 
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may have been destroyed deliberately in the output coupling circuits of 
pickup tubes because of noise considerations (see Chap. 4). 

At the higher frequencies used for television broadcasting, the electron 
tube is not the simple device which was previously assumed, and all the 
interelectrode capacitances and internal lead inductances which were pre¬ 
viously ignored must be considered. Furthermore, the effects of electron 
transit time within the tube must be considered. At the highest frequen¬ 
cies encountered, the tube structure must be modified in such a way as 
to eliminate inductance effects and other principles made use of (as 
in the klystron), which utilize rather than eliminate transit-time effects. 
Ordinary lumped constant-tuned circuits become increasingly difficult to 
realize and must be replaced by transmission-line elements or by reso¬ 
nant-cavity structures which behave as tuned circuits. 

In low-level signal circuits (such as receiver inputs at the higher fre¬ 
quencies), tube and circuit noise is a major problem, and the simple noise 
generators applicable to camera-tube output circuits become a great deal 
more complicated. 

It is the purpose of the present chapter to discuss various aspects of 
the operation of tubes and circuits at all frequencies used in the signal 
channels of the television system, including techniques such as clamping 
and d-c restoration, which are applicable to video signals, and also to 
include the noise problem in low-level signal circuits. 

The special problems and circuits relating to the generation of syn¬ 
chronizing waveforms, scanning circuits, and other problems concerned 
with picture generation will be reserved for Chaps. 11 and 13. 

10-2. Cathode Degeneration in Amplifiers. In the discussion of fre¬ 
quency-response characteristics of video amplifiers, it was assumed that 
there was no impedance in the cathode to ground lead. In a self-biased 
amplifier, this would imply perfect bypassing, i.e., no cathode imped¬ 
ance at any frequency of interest. 

The effect of cathode degeneration upon the plate circuit of the ampli¬ 
fier may be found from analysis of the circuit of Fig. 10-la. The basic 
equivalent circuit is that of Fig. 10-16, from which the gain of the ampli¬ 
fier is to be found, 



_— /iZ /, _ 

r p -f- Z/. -p Z*( M -f- 1) 


( 10 - 1 ) 


Thin equation shows that the cathode impedance actually increases the 
effective source impedance of the tube feeding the load impedance Z L . 
A derived equivalent circuit from the standpoint of the terminals of Z L is 
that of Fig. 10-1 c, which follows directly from Eq. (10-1). For a triode 
amplifier, the plate resistance of the tube itself is effectively in series with 
Z*Qi + 1). The resultant increase in effective impedance if Z* is a pure 
resistance results in a decreased bandwidth if the total output capaci- 
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tances remain the same. In addition, the gain is reduced in accordance 
with Eq. (10-1). 

If Z fc consists of a resistance in parallel with a small amount of capaci¬ 
tance, solution of the equivalent circuit shows that the h-f response may 
be improved in comparison with the 1-f response. This statement can 
be interpreted to mean that capacitance shunting the load may be par¬ 
tially compensated for by the proper form of cathode impedance but 




Circuit with Equivalent 

cathode circuit 

impedance 




Derived equivalent circuit 
(equivalent from point of 
view of load terminals) 



{d) (e) 

Constant current form Simplified constant current 

of derived equivalent equivalent circuit, valid if 

circuit r p is much greater than Z L 

Fio. 10-1. Equivalent circuits of amplifier with cathode impedance. 

should not be interpreted to mean that such a form of compensation is a 
satisfactory substitute for the frequency-correcting networks of Chap. 6. 
since the cathode resistance still results in loss of gain at low mid-band 

frequencies. 

The situation is slightly different in the case of a pentode whose plate 
resistance is high in comparison with the load resistance. In either case, 
the exact equivalent circuit may be reduced to the constant-current gen¬ 
erator of Fig. 10-ld, which in turn reduces to the simplified circuit of (e) 
if the ordinary pentode approximations are made. That the change in 
effective internal impedance has no detrimental effects as far as h-f 
response is concerned would be the conclusion to be reached from a 
superficial examination of the equivalent circuit. However, the degra- 
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dation comes from the loss in gain due to the modification of the equiva¬ 
lent current generator by the cathode impedance. Therefore, the figure 
of merit of the amplifier, or its gain-bandwidth product, is adversely 
affected by the addition of cathode degeneration, just as is that of the 
triode amplifier. 

The transconductance g m of the normal pentode may be compared with 


the effective transconductance of a 
tube with cathode degeneration, 
which is 


r,' = ___ _ 

1 + g m Z k 


( 10 - 2 ) 



Therefore, the figure of merit of a 
pentode amplifier as defined by 
£ m /27r C for a tube with cathode de¬ 
generation as compared with one 
without such degeneration is given 

by 


AT 

N 


1 ___ 

(1 + <J m Zk) 


(10-3) 


(a) The derived equivalent circuit, with tube 
interelectrode capacitances neglected 



This equation expresses the com¬ 
parison of the gain-bandwidth 
products in the two cases for equal 
load resistances and shunting ca- 


(6) Derived equivalent circuit when cathode 
load is parallel combination of and C* 
with no impedance in the plate circuit 

?io. 10-2. Cathode-follower equivalent 
•ircuit8. 


pacitanccs. 

10-3. Load Impedance in Cathode (the Cathode Follower). An out¬ 
put voltage may be taken from the cathode of the circuit of Fig. 10-1 
rather than from the plate. For this connection, the gain may be 
expressed as 


p _ M __ Z ic 

M + 1 l(r p + Z L )/(jx + 1 )] + Z* (1(M) 

From inspection of the above equation, it is apparent that an equiva¬ 
lent circuit valid from the point of view of the cathode-ground terminals 
is that of Fig. 10 - 2 u. From inspection of the circuit as well as Eq. (10-4) 
it is apparent that the gain of the device can approach, but never exceed’ 
unity as the value of the cathode impedance is increased. The equiva¬ 
lent source impedance is much less than that of the plate-loaded ampli¬ 
fier and in the case of zero impedance in the plate circuit reduces to 
r v/(M + 1), which, in the case of a high-gain pentode, to a good approxi¬ 
mation, is \/g m . The cathode impedance can consist in part of a large 
amount of shunting capacitance, while still maintaining good frequency 
response. If the cathode impedance in the circuit having no external 



2B6 fundamentals of television engineering 

plate-load impedance consists of resistance shunted by capacitance, the 
equivalent circuit reduces, by use of Th&venin’s theorem, to that of Fig. 
10-26. This is the form which was used to analyze the resistance-loaded 
amplifier of Chap. 6. 

The foregoing type of analysis may be used to take into consideration 
effects in vacuum-tube circuits which have thus far been omitted. These 



(a) Exact circuit 



(c) Derived equivalent circuit 



E **“ E i" E * 


(b) Equivalent circuit 



r r p +Z p * 


(d) Equivalent circuit from point of 
view of cathode impedance 


Fia. 10-3. Equivalent circuits showing effect of cathode-plate impedance and plate- 
supply variation on cathode-loaded amplifier. 


could have been included as part of the basic circuits but are considered 
separately for purposes of clarity. The effects to be considered here arc 
those of varying plate-supply voltages and plate-cathode capacitances of 
the tube in question. First, the effect of an impedance shunting the 
plate-cathode terminals will be considered. This is shown in the circuit 
of Fig. 10-3a, which also includes an alternating component of voltage, E. 
The exact equivalent circuit is that of Fig. 10-36. 

The elements between plate and cathode terminals may be replaced by 
use of Th6venin’s theorem by the equivalent series generator and load as 
shown in Fig. 10-3c. Analysis of the circuit by the methods of the pie- 
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ceding example shows that the derived equivalent- circuit may be repre¬ 
sented by the form of Fig. 10-3rf. This circuit is valid from the stand¬ 
point of the cathode-ground terminals. The analysis shows that, as a 
cathode follower, the equivalent series voltage generator is dependent 
upon the external plate-cathode impedance and that the equivalent series 
impedance depends upon this shunting impedance in parallel with r p 
instead of upon r v alone. Any plate-supply voltage variation as far as 
the cathode terminals are concerned is 

reduced in its effect by the factor j '* 6 

!/(v +1). X 

The foregoing equivalent circuits [jb. 

may be used as part of more gen- rr~i __ 

eralized circuits, and employing them ( I xdrx 

frequently reduces the difficulty of — » » j • *'( -J 

solution of more general problems. ^ [m L | 

10-4. Input Admittance and Gen- *—-jr* 

eralized Equivalent Circuits. Usually '* rH fzTI }* 

an amplifier acts as a load upon another L ~r J L r J j* 

driving source, and it is important to -- —J- 

know the magnitude of this effective 

load The admittance which an am- Eio. Admittance components 

, li- i f of vacuum-tube amplifier, 

plifier presents as a load is made up of 

three components as shown in kig. 10-4, the admittance between grid 
and ground, the admittance between grid and cathode terminals, and 
the admittance between grid and plate terminals. These admittance 
components obviously do not add directly, but the equivalent input 
admittance may he determined as follows: 

The admittance Y„ looking into the terminals ab, is given by 


Li 


Y -ll 

’ E, 


(10-5) 


Since the current entering terminal a divides as shown in Fig. 10-4, it is 
given by the following: 

Ii — (E| — E^)Y P „ -f- (Ej — E*)Y„* + (Ej)Y„ (1 ()-(») 

Solution of Kq. (10-5) and Eq. (10-0) for the input admittance yields 


T..V. + V.. 


(10-7; 


If the gains of the circuit are defined 


( 10 - 8 ) 
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then the input admittance may.be written as 

Y< = Y, + Y f ,(l - G p ) + Y„jt(l - Ok) (10-9) 

The total input admittance is seen to be made up of three parallel com- 

_ ponents, Y„, Y' and Y'*, where 




( b) Derived equivalent circuit from 
viewpoint of plate 



(c) Equivalent circuit from viewpoint 
of cathode 

Fig. 10-5. Vacuum-tube equivalent cir¬ 
cuits. 


Y„ = Y„ (10-10) 

y; p = Y„(l - G„) (10-11) 

V ot = Y„i(l - G t ) (10-12) 

The admittances Y„t and Y flP may 
be those due to the interelectrode 
capacitance, C a k and C gp . In such 

a case, if the frequency is sufficiently 
low so that effect of Y op upon the 
plate circuit and the effect of Y„* 
upon the cathode circuit can be 
neglected, the values of G p and G* 
can be obtained to a good approxi¬ 
mation by Eq. (10-1) andEq. (10-4). 
However, at high frequencies where 
C pa and C pk cannot be neglected in 
their respective plate and grid cir¬ 
cuits or at low frequencies where 
impedance elements are deliber¬ 
ately inserted in these positions, the 
respective gains may be found from 
solution of the general equivalent 
circuit of Fig. 10-5a. The quanti¬ 
ties v and r'„ are used in the equiv¬ 
alent plate-cathode circuit to take 
care of any impedance component 
which might exist in the plate- 
cathode circuit. These are shown 


in Fig. 10-3 and are given by 

, _ 

V “ r„ + Z pt 

_/ r T^pk 

p r p + Z p k 

The equivalent circuit of Fig. 10-5a may be further reduced by the 
methods of preceding examples to circuits which may be simpler to solve. 
One of these, valid from the point of view of the plate-ground terminals, 
is t hat of Fig. 10-56. Another, valid at the cathode terminals, is that of 

Fig. 10-5c. 


(10-13) 

(10-14) 
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Usually it is not necessary to solve the general gain and input admit¬ 
tance equations. The equivalent circuits may be reduced to simpler 
forms for most problems. 

10-6. High- and Ultra-high-frequency Effects Due to Tube Structure. 

The first frequency limitation upon the performance of a vacuum-tube 
circuit, that of the shunt capacitance across input and output terminals 
resulting from the combined effects of stray wiring and socket capaci¬ 
tance and tube interelectrode capacitances, was examined in Chaps. 6 
and 8, where it was found that the ultimate in gain-bandwidth product 
of the grounded cathode stage was 

GB - (10-15) 


where C t was the combined effect of the output capacitance of one stage 
and the input capacitance of a similar stage. In the case of a triode, the 
input capacitance of a grounded cathode stage as obtained from Eq. 
(10-11) is 

C, = C ak + C op ( 1 - G p ) (10-16) 


The magnitude of the effect of the second term is lessened by the use of 
a pentode which reduces C up from several micromicrofarads to a small 
fraction of a micromicrofarad. This capacitance limitation holds at any 
frequency for a fixed bandwidth until 


such frequencies are reached where 
other limitations are introduced. 

As the uhf ranges are approached, 
the generalized equivalent circuit of 
a triode given by Fig. 10-4 is no 
longer valid and the inductance of 
the leads within the tube structure 
itself becomes important. At these 
frequencies, the approximate equiv¬ 
alent circuit of Fig. 10-6 may be 
drawn. The electrode planes P', 

(?', and K' are the plate, grid, and 
cathode planes, respectively; CV P s 
Cg’k’, and C p v are capacitances; the 

values of L u , L k , and L v are values of inductance of the internal connect¬ 
ing leads to the tube pins; and C 9P , C ok , and C pk are the capacitances 
between pins at the tube. I his representation is only approximate, since 
these are distributed parameters which cannot be truly represented by 
lumped constants. 

The equivalent circuit of Fig. 10-6, when used in conjunction with 
external circuits, leads to general solutions which are too cumbersome to 



Fig. 10-0. Equivalent circuit of triode 
vacuum tube at uhf. 
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fundamentals of television engineering 

It is more common practice to treat the 


yield much useful information. 



(a) Circuit with cathode lead inductance 

considered 



(6) Approximate equivalent circuit 
at resonance 

Fio. 10-7. Effect of cathode lead in¬ 
ductance upon input admittance and 
pain. 


effects one by one in order to arrive 
at some idea of the frequency limita¬ 
tion of each of the effects. An ex¬ 
ample of the most important such 
effect follows: 

Cathode Lead Inductance. One of 
the most important of the uhf effects 
in conventional triodes and pentodes 
is the effect of the cathode lead in¬ 
ductance L k upon the gain and input 
admittance. The input admittance 
component, due to the effect of the 
input capacitance and cathode lead 
inductance, may be determined by 
the circuit of Fig. 10-7a and its ap¬ 
proximate equivalent at plate-circuit 
resonance of Fig. 10-76. Solution 
of the approximate equivalent circuit 
of Fig. 10-76 yields 


Ii _ jo)C g 'k'[ (1 — io-C 0 'k’Lk) jwLkg m \ 
1 Ei (1 — uj -C 0 'k'Lk) 2 4* <7 m‘u~Lk~ 


(10-17) 


If 

end 


urC gjjk 1 
g m 2 (j)-Lk 2 « 1 


the above equation reduces to 

Y i « jwCo’k' 4- a rg m L k C 0 'k' (10-18) 

The first term is the normal grid cathode capacitance, and the second 
is a positive resistance component due to the cathode lead inductance 
which increases as the square of the frequency. Consider as an example 
a tube with g m = 5,000 pmhos, a lead inductance* of 0.01 nK and an 
input capacitance of 6 uni at a frequency of 500 Me. Putting these into 
Eq. (10-18) yields 

R t = — = 5,000 ohms approx 

* l 

This shunting effect of ft, across the normal load impedance of the pre¬ 
ceding stage limits the gain as well as the minimum bandwidth which can 
be realized with a given tube as a result of limiting the effective Q. 1 

1 See M. J. O. Strutt and A. Van der Ziel, The Causes for the Increase of the Admit- 
tancesof Modern High Frequency Amplifier Tubes in Short Waves, Proc. IRE, Vol. 26, 
No 8 August, 1938. These authors first pointed out the effect of lead inductance as 
the principal cause of increased input loading at high frequencies, particularly in the 
case of pentodes. In the case of triodes, the transit-time effects discussed in the next 
section may become most important. 
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Effect of Cathode Inductance upon Gain. The equivalent circuit of 
Fig. 10-76 may be solved for gain with the result 



(1 — a ) 2 Cg' k Lk) — juLkOm 
(1 - a rC/kL\y- + 


(10-19) 


Under the conditions previously established in consideration of input 
admittance, that is, o) 2 C ok L k « 1 and g„,WL k 2 « 1 , the gain reduces to 

G = -g m Z L (l - ]uL k y m ) (10-20) 

This is the normal 1-f gain modified by 1 — juL k g m , the effect of which 
is to increase the magnitude of the.effective load impedance and, in the 
case in which Z L is a parallel tuned circuit, to raise the effective resonant 
frequency. 

Transit-time Effects .' In general, current flowing at any reference 
plane in a vacuum tube is given by 

J — pv T *0 tt (10-21) 


where J is current density, p is electron-charge density, v is the electron 
velocity, and 8 is electric-field intensity at the point. The first term is 
the conduction current and accounts for the major portion of the total 
until such frequencies are reached that the electron transit time is an 
appreciable fraction of the period of the input wave. Then the second 
term, which is the displacement current component, becomes an appre¬ 
ciable part of the total. 

In a vacuum tube, in accordance with 1-f theory, the conduction cur¬ 
rent due to an electron in space at a reference plane (such as the plate) 
is zero until the arrival of the electron. However, there is current due 
to the time-varying electric field resulting from the velocity of the elec¬ 
tron stream. Similarly, if the grid is negative, the conduction current 
at the grid will be zero. However, there will be grid-current flow as the 
field is changing. It has been demonstrated that there is a positive real 
conductance component at the grid of a triode given by* 

g t = kg m pT* (10-22) 

where / is the frequency and T is the cathode-grid transit time. 

The above component of conductance varies as the square of the fre¬ 
quency in the same manner as the component, owing to cathode lead 
inductance, and cannot easily be separated from it. This component 
may be more important than that resulting from cathode lead induct¬ 
ance, particularly in the case of a triode. 

• For a generalized discussion of transit-lime effects in tubes, see Karl It. Spangcn- 
berg, “Vacuum Tubes," Chap. 10, McGraw-Hill Rook Company, Inc., New York. 
1018. A large number of references to original papers of various investigators is 
included. 

* W. R. Ferris, Input Resistance of Vacuum Tubes as Ultra High Frequency Ampli¬ 
fiers, Proc. IRE, Vol. 24, No. 1, pp. 82-105, January, 1036. 
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Equation (10-22) neglects the effect of space charge, which if taken 
into account can be given more exactly by 1 


4tt 2 

180 


grS-T't 9 + 44 


T r p , i- (T 0P \ 

7n -r-»Jl rp 1 

l ok V ok/ 


_ 0 T op 17 + 3 o(T 0P /T c ) 

“ 1 + (VJV B ) 


, 20 (T 0P /T C0 y 
‘'ll + (i’dA'JI- 


(10-23) 


where T ok is the grid-cathode transit time, T op is grid-plate transit time, 
Vp is the electron velocity at the plate, and v 0 is the mean electron velocity 
in the grid plane. 
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view of disk-seal tube with parallel plane electrodes. ( Courtesy 


of Western Electric Co.) 


Tube-structure Modifications at UlIF. In order to avoid the effects of 
lead inductance and allow spacings which reduce the transit-time prob- 
kms, various small tubes of different shapes have been evolved. One 
oi these is a class of tube structure known as disk-seal tubes. In one 
form, the electrodes are of parallel plane design, as shown in Fig. 10-8. 
The grid is supported in a disk structure, the edge of which is connected 
to the external circuit. The cathode and anode ure small cylinders w n 
connections as shown. These tubes may be connected in conventi . M 


1 \J O North, Analysis of ,thc Effects of Space Charge on Grid Impedance, . roc. 
IRE, Vol. 24, pp. 108-130. January, 1036. 
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circuits. However, in order to realize the full capabilities of such struc¬ 
tures, the grid and anode cylinders are made part of external resonant 
lines or cavities. 

A variation of the disk-seal tube which is adaptable to the r-f sections 
of uhf receivers is the pencil-type triode 1 as shown in Fig. 10-9. The 
relation between elements, cathode, grid, and anode is the conventional 
concentric-cylinder form with extremely close spacing. 

The larger tubes employed for transmitting purposes may also use tin 
coaxial design, may be either triodes or tetrodes, and may be either forced 



air-cooled or water-cooled depending upon the required power rating. A 
cutaway view of a typical uhf power tetrode is shown in Fig. 10-10. 

Where the frequencies become too high for efficient operation of even 
the disk-seal tubes, an entirely different class of tubes, which makes use 
of rather than reduces electron velocity effects, is used. These are the 
velocity-modulated tubes, an example of which is the klystron. 2 These 
tubes are adaptable as oscillators and power amplifiers in resonant cavity 
circuits, and their use in the power-output stages of video transmitters 
will be discussed in Chap. 16. 

10-6. The Grounded-grid Amplifier. In the treatment of video ampli¬ 
fiers in Chap. 6, the use of a pentode was assumed. Triodes were pre¬ 
cluded because of the increase in effective input capacitance resulting 
from the effects of gain, with a consequent reduction in bandwidth. 
However, it is possible to use a triode if it is driven from a sufficiently 
low impedance source such as a cathode follower, in such a manner that 
the effect of increased input admittance is less important. From such 
a low-impedance cathode-follower source, a triode may be driven in the 


1 G. M. Rose, D. W. Powers, and W. A. Harris, Pencil 
Rtv., Vol. 10, No. 3, pp. 321-338, September, 1949. 


-type UHF Triodes, RCA 


*8ee Bpangcnberg, op. cit., Chap. 17, for 
stron and other velocity-modulated tubes, 
given. 


u discussion of the principles of the kly- 
Iteferences to original developments are 
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conventional way with its cathode effectively grounded, or it may be 
driven as a grounded-grid amplifier with the driving signal applied to 
the cathode. The impedance, as seen by the driving source, is, of course, 



1. Ceramic construction 

2. Ring-seal design 

3. Lifting handle 

4. Surface for spring fingers 

5. Integral water jacket 

6. Platinum-clad molybdenum grids 


7. Thoria-coated unipotential cathode 

8. Conical grid supports 

9. Copper anode 
Approx, ht.—8Mc in. 

Approx, diam.—2% in. 

Approx, wt.—2 lb 


VJ, i tuuuuut - j - - 

Fig. 10-10. Cutaway view of uhf water-cooled power tetrode, type GLG182. ( Cour¬ 

tesy of General Electric Co.) 


different in the two cases. In the grid-driven configuration, the input 
impedance for zero impedance in the cathode circuit is given from appli¬ 
cation of Eq. (10-9) as 

1 _ 

Z ‘ ~ Y7+ Y g * + Y op (l - Gp) 


( 10 - 21 ) 
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and at sufficiently low frequencies so that the gain has essentially no quad- 
ratuie component the effective input capacity may be expressed as 

Ci = C 0 + C ok + C op (l - C p ) (10-25) 

The impedance looking into the cathode-driven grounded-grid ampli¬ 
fier is the same as the output impedance of the cathode follower and is 




(6) Equivalent circuit at input terminals 


H- 


_ r p Zp» 

*p "f" z p* 

T p +Z pt 


AWV 


(yu'+DE, 


(c) Equivalent circuit for gain determination 

Fig. 10-11. The grounded-grid amplifier. 


easily determined from Fig. 10-1 la and its equivalent circuit of Fig. 


10-116 as 

7 _ r' m + Z L 

z< " V + i 

(10-20) 

where 

, r />2 pk 



v r p + Z pk 

(10-27) 


, _ 

y r p -f- 


In the case in which 7 pk represents the reactance of the plate-cathode 
capacitance C p t Eqs. (10-27) reduce to 


fp 1 + juC pk r p 

y' = _£_ 

1 4- jwC pk r p 


(10-28) 
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At very low frequencies and with no external 
it is apparent that 



plate-cathode ir^pedence, 


(HWSJl 


The gain of the cathode-driven stage may be determined from the equiv¬ 
alent circuit of Fig. 10-1 lc, which may be derived from Fig. 10-116 



(a) Cathode follower equivalent circuit 


r p2 



(6) Equivalent circuit of cathoae driven stage 



(c) Complete equivalent circuit of cathode 
coupled amplifier 

Fie. 10-12. Elements of the cathodc-coupled amplifier. 


by multiplymg both the volwge generator and the impedances by 

»' + 1 - . ... 

Solution of this circuit shows that the gain of the cathode-driven 

stage is 

G„ = v + ^ (10-30) 

This equation shows that the gain of a cathode-driven stage is slightly 
higher than that of the grid-driven stage. This, of course, arises from 
the fact that the voltage generator is effectively in the plate circuit of 
the tube, as well as in the grid circuit, and adds to the equivalent gen¬ 
erator of the tube itself. 

10-7. The Cathode-coupled Stage. A cathode-coupled stage consists 
of a cathode follower driving a grounded-grid stage. The over-all gain 
and frequency characteristic of the cathode-coupled stage may be deter- 
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mined from consideration of the pair as cascaded stages in which the 
first stage is a cathode follower with the equivalent circuit of Fig. 10-3d 
with the cathode impedance Z* appearing in parallel with the input 


impedance of the cathode-driven 
stage given by Eq. (10-26) as shown 
in Fig. 10-12a. The gain of the 
cathode-driven stage may then be 
determined by applying the voltage 
output of the cathode follower to 
the circuit of Fig. 10-126. 

It is possible to consider the 
entire circuit at once as shown in 
the equivalent circuit of Fig. 10-12c. 
This circuit is correct in so far as the 
currents are concerned. In order 
to obtain the true output voltage 



across Z L , it is of course necessary 
to multiply the voltage appearing 
across Z L /(yx + 1) in the equiva¬ 
lent circuit by y' + 1. 

It is obvious from consideration 
of the preceding equivalent circuits 
that more over-all gain results when 
the cathode-follower stage has no 
plate-load impedance as shown in 
Fig. 10-13a. 

Frequently, this circuit is used to 
provide push-pull outputs with a 
single input as indicated by Fig. 
10-136. The equivalent-circuit con¬ 
siderations previously described still 
apply; however, the complete fre¬ 
quency analysis is rather compli¬ 
cated because of the many ways 
in which the interelcctrodc capaci¬ 
tances affect the plate-to-platogain. 



The total equivalent circuit is that 
of Fig. 10-12c. It is, of course, 
possible to consider each tube sep¬ 
arately as in the other case. In 


(c) Cathode follower portion of 
cathode coupled stage 

Fio. 10-13. Considerations involved in 
Cttthode-corrplcd stuges. 


this case, the driven stage is represented by Fig. 10-126 with its gain 
given by Eq. (i0-30). The driver stage which is represented by Fig. 
10-12a at the cathode terminal may be represented by Fig. 10-13c 
applicable at the plate terminals. The equation for the gain of the 
Jriver stage becomes 
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G P i = 


,1'Z 


L 1 


(10-31) 


r; + TZ*Zi(ri + 1)/(Z* + Z,)] + Z Li 

where Z, is the input impedance of the driven stage. 

The cathode-coupled stage with single output, as illustrated in Fig. 
10-13a, is frequently used as a video amplifier where excessive gain is not 
required and where phase inversion is not desired. The gain-bandwidth 

product, in general, will be less than 
that of a single pentode amplifier. 
The gain of the cathode-follower 
section may be found from Eq. 
(10-4) with 



(a) Complete circuit 


Z* — (r p 2 4- Zlz)/(^2 -f- 1) 

in parallel with whatever resistance 
is connected to ground. Under 
most conditions, this gain will be 
approximately Yl and for identical 
tubes and Z L2 « r p2 will approach 
+ 1)1- The gain of the 
driven stage, as given bj r Eq. 
(10-30), will be only very slightly 
greater than that of the grounded- 
cathode stage. The bandwidth is 
limited chiefly by the output capac¬ 
itance of the driven stage, since the 
cathodes are at a relatively low 
impedance level. 

10-8. The Cascode Amplifier. A 
very useful amplifier circuit which 
is known as the cascode amplifier is illustrated in Fig. 10-14. This consists 
of a normal grid-driven amplifier with its plate load consisting of the 
input impedance of a grounded-grid stage. The gain of the first stage is 
given by 

“Ml [ZpnZi2/(Z p fci -f- Z„)J 



i2 


r p2 + Z I 


• (6) Effective circuit of first stage 
Fig. 10-14. The cascode amplifier. 


G, = 


t p \ -f- [Z pkl Z i2 /{Z pkl -f- Z„)] 


(10-32) 


where 


Z|2 = 


r ; 2 + Z 


Vt + 1 

The gain of the grounded-grid stage is given from Eq. (10-30) as 

(t»2 + l)Zc 


G 2 = 


The over-all gain is therefore 


V 2 


+ z 


G = GiG 2 
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In the 1-f case where Z l = Rl and any plate-cathode impedances aris¬ 
ing from interelectrode capacitances can be neglected, the expression for 
gain reduces to 


G = 

If 4- l) » fpi + Ri., 


~Ml(M2 + 1)^/. 

Tp\{m + 1) + r P 2 + Rl 

(10-33) 

Eq. (10-25) reduces to 


G ~ — g m \R L 

(10-34) 


This equation shows that the cascode stage can be made to have essen¬ 
tially the gain characteristics of a single pentode having an equivalent g m . 

Examination of the circuit as a video amplifier will show that the 
frequency response of the first stage is much better than that of the 
grounded-grid stage if care is taken in the design, inasmuch as the effec¬ 
tive plate-load impedance is quite low. To a good approximation, the 
effect of Zp t2 upon the output circuit usually can be neglected in compari¬ 
son with the normal capacity loading on Rl- The tubes, therefore, in 
the usual video amplifier can be considered as a pentode feeding a con¬ 
stant current into Z L - Any of the normal forms of h-f compensation 
can be used to improve the response just as in the case of the single 
pentode. Since high-/i dual triodes are available, it is possible to con¬ 
struct a chain of cascaded video amplifiers which is no more costly in 
tubes and parts than the same amplifier using pentodes. The only spe¬ 
cial problem is that of providing a fixed voltage source for the grids of 
the grounded-grid amplifiers and a sufficiently high plate-voltage source 
to supply both the tubes in series. 

The cascode stage is particularly useful in low-level input stages where 
tube noise is the limiting factor on over-all signal-to-noise ratio. In gen¬ 
eral, this arrangement provides the low noise performance of a triode 
combined with the gain and stability characteristics of the pentode. The 
noise properties of such a circuit as low-level input stages in r-f ampli¬ 
fiers have been investigated in detail. 1 These properties will be dis¬ 
cussed in Chap. 15 in connection with input circuits from camera tubes 
and in Chap. 17 in connection with receiver input circuits. 

10-9. General Properties of Amplifiers with Negative Feedback. Any 
practical amplifier, when considered in detail, is always found to possess 
feedback, i.c., a connection through impedance elements from the output 
direct to the input. Thus, the circuit of Fig. 10-4, the general circuit of 
a vacuum-tube amplifier, has several paths by which a fraction of the 
output signal is transferred back to .the input. Sometimes, such feed¬ 
back is undesirable, resulting in such things as the effective increase in 
input capacity of a tube due to the grid-plate capacitances. Also, a 

1 H. Wallman, A. B. Macnee, and C. P. Gaaden, A I.ow Noibe Amplifier, Proc. IRE, 
Vol. 30, No. 6, pp. 700-708, Juno, 1948. 
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transfer of a voltage from output to input which is in phase with the 
original input can, under certain conditions, give rise to self-oscillations 
of the amplifier. On the other hand, the deliberate use of feedback can 
achieve many useful results, including the improvement of frequency 
response of amplifiers, reduction of distortion due to nonlinear circuit 

elements (such as vacuum tubes), 
and correction for power-supply 
voltage variations. These desir¬ 
able effects are all obtained if the 
output which is fed back is of such 
a polarity as to oppose the original 
input voltage. Feedback is also 
used in scanning waveform gen¬ 
erators, in pulse-generating circuits, 
F.O. 10-15. General feedback amplifier. an( j fof oth(jr circuit applications. 

The general nature of feedback is illustrated by Fig. 10-15,. which 
shows an amplifier with nominal gain G delivering a definite fraction, of 
the output back in series with the original input signal. If G/ = E 2 /E 1 
is defined as the gain with feedback, it is given by 

G, = (10-35) 

This shows that if the product G(5 is real and negative, the gain is reduced 
by the use of feedback and that if it is large compared with unity, the 
resultant gain becomes virtually independent of the amplifier character¬ 
istics and is given by 




It can readily be shown that if a distortion voltage represented by E u 
appears at the output of the amplifier, the distortion which appears at the 
output with feedback is given by 



(10-35a) 


This shows that distortion is reduced in the same ratio as the reduction 
in gain. The reduction in gain can be compensated for by the addition 
of more stages, whereas the generated distortion which is primarily in 
the highest level stage in the system is not likely to increase with an 
increased number of stages. If, however, a distortion voltage arises 
internally within the amplifier, the ratio of signal to distortion voltage at 
the output is reduced by a factor equal only to the distortionless gain 
which can be added ahead of the point at which the distortion occurs. 

The quantity G(5 will in general be complex at some frequencies in a 
practical system, and the absolute magnitude of the gain may be either 
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decreased or increased by the use of feedback. If the gain is decreased, 
the condition is identified as negative feedback, whereas if the gain is 
increased, the condition is identified as ■positive feedback. Positive feed¬ 
back can result in instability, the condition being given by G(J = 1 + JO. 
Under this condition, the expression of Eq. (10-35) increases without 
limit, and self-oscillations will occur. This is the Barkhausen criterion 
for oscillations upon which are based practical oscillator analysis and 
design. 

An amplifier designed for negative feedback over a definite frequency 
range may be found to become unstable and oscillate at some frequeue}' 
outside the range. This is due to the reactive elements in the circuit, 




Amplifier 
with gain. G 


Feedback 

transfer impedance 

Zt>- 

Z—— —— 


I 

Z F 




" h 

Em;. 10-Hi. Illustration of eurrnit feedback. 

which are inevitable in a practical circuit, giving rise to positive feed¬ 
back of such magnitude as to support, self-oscillations. Whether or not a 
given feedback amplifier will be unstable can bedeterminod from Nyquist’s 
stal ility criterion,' which states, in effect, that if the polar plot in the 
con plex plane of the quantity G(J, for all frequencies from zero to infin¬ 
ity, encloses the point 1, >0, the amplifier will be unstable. If the point 
is not enclosed, the amplifier will be stable at all frequencies. 

There are, in general, two basic methods of feedback, voltage feedback, 
in which a fraction of the voltage appearing across the load terminals is 
fed back to the input, and current feedback, in which a fraction of the cur¬ 
rent flowing in the load impedance is fed back to the input. Obviously, 
the two types are equivalent in their effect upon gain only in the case Iff 
a purely resistive load. An important difference between the two types 
is their effect upon the effective output impedance of the amplifier as a 
driving source for the load. Negative voltage feedback decreases the 
effective output impedance, whereas negative current feedback increases 
the effective output impedance. Practical use is made of both of the 
methods, depending upon the desired effect. Current feedback is illus¬ 
trated m Fig. 10-10. If (J is defined in the same manner as for voltage 

H 'w i0 ;' Th ' ,0r rv w 1, J > -'“"nary, 1932; also see 

H. \\. Rod*. NKviork Analyhis and Fmllmck Amnlifu-r D.-si™ ” Ul,,,,, 8 v 

Noatrand Company, In,-.. Now York M>45 ’ ‘ ' UK 
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feedback, the reduction in gain and distortion is found in the same man¬ 
ner and Eqs. (10-30) and (10-35a) are valid. 

In the case of voltage feedback, the effective output impedance includ¬ 
ing the load impedance Z L may be found by applying a voltage source 



(6) Current feedback 

Fio. 10-17. Circuits for determination of output impedance. 


across the output terminals, short-circuiting the input terminals, and 
measuring the current which flows. The output impedance is given as 
the resultant ratio of voltage to current. The procedure is illustrated 
by Fig. 10-17a. The amplifier, without feedback, may be thought of 
from the standpoint of its output terminals as consisting of a voltage 
source in series with its effective output impedance Z', where Z' is the 
equivalent impedance of the effective internal impedance of the output 
stage itself Z\ and the normal load impedance Z,., that is, 

_ Z'Z L 
9 Z' + Z, 

The current I is 

_ Eo — G(5E„ 




SKiNAL-ClllCUlT PHOHLKMS Ai\l) I'KCIIMQlUiS 
from which the effective output impedance is found to be 




Zo = 00-30) 

This result shows that the use of voltage feedback results in the reduction 
of effective output impedance by the same factor as the reduction in gain. 

Sometimes it is useful to determine the output impedance without the 
load connected. The procedure is the same as above except that the 
open-circuit gain G„ is used rather than the gain G. with load connected, 
and that Z' is used rather than Z'. The result is 

Z, = , (10-3Ca) 


where Z, is the impedance looking from the load itself back into the 
source. 

The effective output impedance of an amplifier employing current feed¬ 
back including the load impedance Z/. may be found in the same manner 
as described for voltage feedback. The circuits are illustrated in Fig. 
10-176. The gain G, without feedback, assumes the presence of the feed¬ 
back impedance Z, as part of the load on the amplifier. The impedance 
Z' is the internal impedance of the final stage of the amplifier, and the 
total output impedance without feedback is 

7 / _ ±_M 

0 " z, + z; + z f 


The effective transfer impedance Z T p is defined as the ratio of the volt¬ 
age fed back to the current flowing in the output circuit. 

The output impedance with feedback is thus given by 


, 1 - G(Z r ,/Z') 
0 1 - G(Z„-/Z,) 


(10-37) 


Examination of the above equation shows that for negative feedback, 
i.e., if the gain is reduced, the output impedance is increased as a result 
of the application of feedback. 

The internal impedance looking back from the load into the source 
may be found in a manner similar to the above except that the load is 
replaced by the voltage source. The result is 

Z, = (z; + z,)(l - G 0 (J„) (10-37 a) 

where G„ is the open-circuit voltage gain and 


ft — 

So z: + z 


V 


It is interesting to note that the general feedback method of analysis 
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might have been employed in the consideration of the amplifier with 
degeneration of Sec. 10-2 and for the cathode follower of Sec. 10-3. 

Consideration of the circuit of Fig. 10-1 from the standpoint of the 
plate load shows that cathode degeneration is essentially current feed¬ 
back and the output impedance is increased as shown by Fig. 10-lc. 





(a) Feedback connection 



h. Z -J±h, 

1 z,+z, ° z:+z L 


( b ) Determination of output impedance 



(c) Precise determination of G A 

Fig. 10-18. Voltage feedback with bilateral feedback path. 

From the standpoint of"the cathode terminals (the cathode follower), 
the feedback is voltage feedback, and the effective output impedance is 
decreased as shown in Fig. i0-2b. 

10-10. Feedback Amplifiers with Bilateral Transmission between 
Input and Output. In general, the voltage or current feedback equations 
cannot be applied directly if there is a direct transmission path from the 
source toward the load as shown in Fig. 10- 18a because it is not possible 
to formulate independent expressions for G and (5. the particular 
configuration shown, the over-all gain is 



__ G A _ 

1 + (Z,/Z„) + (Z,/Z„)(l — Ga) 



e l 

Ei 




(10-38) 


where 
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In the special case where 


the gain reduces to 


£G,»I+|i + £ 


Z, 


Z r 



(10-39) 


Thus, if the gain of the amplifier is sufficiently high, the total gain is 
shown to be virtually independent of amplifier characteristics. 

The effective output impedance 
may be found from the circuit of 
Fig. 10-186 to be 

(10-40) 


l ° ~ i - Giizycz', + z,)] 

where Z[ is the output impedance 
of the final stage of the amplifier 
including Zl, G* is the gain of the 
amplifier with the feedback discon¬ 
nected, and 



(o) Generalized amplifier with current source 





z,z, 


% 


(6) Actual circuit of single tuba amplifier 



Zi + Z 9 

This result gives the output imped¬ 
ance of the tube circuit alone. The 
total output impedance, of course, 
includes the effective parallel imped¬ 
ance of the feedback path. 

In most cases, the value of G* may 
be evaluated without considering 
the presence of Z r- If the gain G* is 
high, the effect of Z, upon its value 
is nearly as though Zr and Zl are in shunt, and if in addition Zr is very 
large compared with Zl, its effect upon G* may be ignored entirely. 
When neither of these conditions holds, consideration of Fig. 10-18c shows 
that 

„ o'z, + z: 


(c) Approximate equivalent circuit of 
single tuba amplifier 

Flo. 10-10. Feedback amplifier driven 
from current source. 


z: + z. 


(10-41) 


where G* is the gain of the amplifier with the feedback disconnected. 

The amplifier of Fig. 10-18 may be driven from a constant-current 
source (which might be approximated by the plate circuit of a pentode) 
as shown in Fig. 10-19o. The output voltage is 

p _ G^Z g Z/I 

* Zr 4- Z,(l - 07) 


(10-42) 
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A special case of interest is the single-tube amplifier shown in Fig. 
10-196. The equation for output voltage may be determined by putting 
Eq. (10-41) into Eq. (10-42). If the tube can be combined as a constant- 
current source, G; = -g m Z L and Z{ = Z L and the resultant equation can 
be reduced to the form 


_ -lZ L Z u (g m Z F - 1) 

L (g m Zi + 1)Z 0 4- Z L 4- Z F 


(10-43) 


Alternatively the same result can be formed by solving the equivalent 
circuit of Fig. 10-19c. 

In the special case in which the grid-cathode resistance is high com¬ 
pared with Zp and Zi, Zi can be taken as 


Z r = , 


1 


juC 


If Z, is a resistive load shunted by its inevitable capacitance C n and if 
Z F is a pure resistance, then Eq. (10-43) can be reduced to 

R,A(j m Rr- 1) 1 


Ei = 


RfCiRlCo 


v . / l , l , l ^ i gm Rt 4- l 
(>) + ** l EciI + R7Co + Rci;/ + RfC.RlC o 

(10-44) 

This equation can be solved for the frequency response. 

If it is desired to obtain the step-function response, the transform 

equation can be written as 

A 


Ei = 


s(8‘ + Ba + C) 


where 


a — ~ ^ / 

A ~ RrCiRiCo 

B = 4- 4- 


C = 


R f Ci ' RiC o 

g m Rt + 1 


RfCq 


RfCiRiCq 
This can be expressed in the form 


Ei = A 


1 


s[(s 4- a) 2 4- 8 2 \ 

The solution of this transform equation is 


E,(t) = ,1 + (81-i) 


(10-45) 


= tan -1 — 
— a 

8 u 2 = a 2 4- 8* 


where 
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Th is type of amplifier, driven by another constant-current pentode for 
use as a two-stage amplifier, has been completely investigated from the 
standpoint of both frequency response and transient response, 1 and design 
charts have been developed. The response can be made to be similar in 
form to the shunt-peaked amplifier but is slightly inferior in terms of 
over-all gain-bandwidth product. 





(6) Circuit for determination of output impedance 
Fio. 10-20. Voltage feedback to cathode of input tube. 

The same type of amplifier might also be used as a wide-band radio-fre¬ 
quency amplifier. In this case, Z x and Z/. become parallel resonant cir¬ 
cuits. It can be shown that the response of a pair can be made to be 
equivalent in form to two synchronous tuned stages, two stagger-tuned 
stages, 2 or one double-tuned stage. Responses can be obtained similar 
in form to overcoupling, undercoupling, or transitional coupling of the 
double-tuned stage. 

10-11. Feedback Amplifier with Internal Bilateral Loop. Another 
special case of bilateral transmission is shown in Fig. 10-20a with the 
feedback applied to the cathode of a grid-driven input tube. The over¬ 
all gain of this particular circuit is 

* J. H. Mulligan, and L. Mautner, The Steady State and Transient Analysis of a 
Feedback Video Amplifier, Proc. IRE, Vol. 36, No. 5, pp. 595-610, May, 1948. 

* G. E. Valley, Jr., and H. Walhnan, “Vacuum Tube Amplifiers,“ Chap. 6, McGraw- 
Hill Book Company, Inc., New York, 1948. 

Also see E. H. B. Bartelink, J. Kahnke, and R. L. Watters, A Flat Response Single- 
tuned I. F. Amplifier, Proc. IRE, Vol. 36, No. 4, pp. 474-478, April, 1948. 
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Gr « 


—-f- Z*,)] 


(z; + ZO(Z tl + r Pl ) + Z tl (Mi + 1)(Z, - Zi,Gi) 


(10-46) 


where Gr = E^/E^ and Gx = E/./E 2 . 

If 

Z/.,G. 4 » Zf 

and 

Zl,G^(m 4- l)Z fc , » (Z y 4- ZO(Zl, 4- '/"p,) 

then 

Zp 4* Z*, 


G r = 


Z*. 


The effective output impedance as determined from the circuit of 

Fig. 10-206 is 

rj _ ’Z'o^Lor 

° Zo A + Z, 


where Z 0 ., is the impedance looking back into the amplifier itself and is 
found to be 


Zo, = - 


Z' 


1 - 


ZlM i + 


(10-47) 


(Z>- 4" Z*,)(Z ll 4* r„ ) 4- ZfZ*,(Mi 4^ 1) 


where G^ is the gain of the amplifier without the feedback connected, 
Z' 0 is the output impedance of the amplifier, including its load imped¬ 
ance, and Z or is the impedance looking back into the feedback loop: 



(Zf 4- ZQ(Z,„ + r Pl ) 4- Z F Z kl ( m 4- 1) 
Z Lx 4- r Pi 4- Z*,(mi 4- 1) 


(10-48) 


An expression for total gain in terms of G^ is 

_ —/i[Zt,G^(Z f 4- Zi-,) — Z 'Z tl ] _ 

T ~ (Z' 4- Zf 4- Z,,)(Z Ll 4- *>,) 4* Z fc( (M 1 4- 1)(Z' 0 4- Z r — Zi,,GJ,) 

(10-49) 

Equations (10-47) to (10-49) can be made to refer to open-circuit con¬ 
ditions of the amplifier merely by changing G\ to G„ and Z' to Z' iy that 
is. the conditions which would prevail if Z tj were not present. Many 
practical amplifiers fit this general circuit configuration, the only differ¬ 
ence being in the internal characteristics of the amplifier, with gain G^. 

10-12. Feedback Amplifiers as Impedance-matching Devices. Since 
the effective output impedance of a source is decreased by the use ol 
negative voltage feedback, the feedback amplifier should be useful as a 
voiiage source whose internal impedance can match the impedance of a 
given load. Furthermore, since this impedance-matching source is essen¬ 
tially a power amplifier, it usually must be made to operate over a large 
range of the dynamic curve of the tube involved. For such operation, 
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the tube is 8 quite nonlinear device. The use of feedback will correct 
partially for this nonlinearity. There are many ways in which feedback 
amplifiers can be used to provide low-impedance sources, examples of 
which are described below: 

Case 1: The Cathode Follower. The simplest type of feedback ampli¬ 
fier for use as a low-impedance driving source is, perhaps, the cathode 
follower. The reduction of the effective internal impedance of the cath¬ 
ode follower was shown in Fig. 10-2a; however, the voltage gain can 
approach, but never reach, unity as demonstrated by Eq. (10-4). The 



Fig. 10-21. Cathode follower as impedance-matching device. 


use of a cathode follower for matching the characteristic impedance R 0 
of a properly terminated transmission line is shown in Fig. 10-21. The 
driving-source impedance is given by 

7 _ MOi + !))/?* 

° (r„/(M + 1)] + R k 

Since the plate resistance of the tube varies with grid voltage, the 
effective internal impedance is seen to be dependent upon d-c grid-bias 
voltage as well as upon signal amplitude. Also, the output is not a lin¬ 
ear function of input voltage over a wide dynamic range in spite of the 
fact that the cathode-follower connection represents some voltage feed¬ 
back. These points are illustrated by Fig. 10-22 in which a 6V6 or 
6AQ5 connected as a triode is used to match a 75-ohm transmission line. 
The curve of output vs. input as well as internal impedance vs. grid bias 
is obtained by graphical construction from the plate-characteristic curves 
of the tube. 

The same tube used as a normal pentode with the load in the plate 
circuit is shown in Fig. 10-23. The time constant controlling the 1-f 

response consists of ^R x + C. This requires that C be large, 

since the permissible value of R x is limited by the supply voltage avail¬ 
able. The preference of a pentode over a triode is based primarily on 
the fact that it provides negligible shunting effect upon R x in the equiva¬ 
lent circuit. The permissible output-voltage range is less than in the 
case of the cathode follower. This is due to the fact that the effective 
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load resistance is less. Graphical construction shows also that the lin¬ 
earity is not as good; however, the driving-source impedance is constant 
since it consists almost entirely of Rz. 



-35 -30 -25 -20 -15 -10 -5 0 5 10 


Input voltage, E a 

Fio. 10-22. Performance of circuit of Fig. 10-20. 



Fig. 10-23. Plate-loaded amplifier aa impedance-matching circuit. 


Case 2: Amplifier with Plate Feedback. The amplifier with voltage 
feedback as illustrated in Fig. 10-18 and Fig. 10-19 is useful as a low- 
impedance driving source and with a sufficient amount of gain can pro¬ 
vide almost any desired value of impedance. Consider first the single- 
stage amplifier shown in Fig. 10-24a. The impedance looking back into 
the tube from the load is of the form of Eq. (10-40) with values taken 
from Fig. 10-24b and is 

» _ _ 1 _ 

‘ (1/r,) + (ji/r p )[R\/(R\ + R,)) 
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which for pentodes may be written as 

P ~ 1 

‘ ~ dm[R\/{R\ + 

The minimum theoretical limit is 1 /g m and for all practical cases is con¬ 
siderably greater. Thus, if a low impedance (for example, 75 ohms) is 
to be matched, a sufficiently low value of R 2 must be used in parallel 
with Ri to provide such an impedance match. 



(a) Basic feedback amplifier 



(6) Circuit for determination of 
output impedance 

Fio. 10-24. Basic feedback amplifier aa impedance-matching device. 


Ah a practical matter, the output circuit would ordinarily have to be 
capacitively coupled to the load to keep the d-c plate voltage from the 
cable and from the low value of R 2 . If the coupling capacitance were in 
the position shown in Fig. 10-24, it would have to be abnormally large 
for good 1-f response. An alternative arrangement is that shown in 
Fig. 10-25a. The internal impedance as determined from Fig. 10-255 is 

z = _ Rt -f- (l/ja>C) 

1 + QmR L [R\/{R\ + R,)] 


Thus, the output resistance is decreased by the feedback while the effec¬ 
tive capacitance is increased. The low frequency response for a par¬ 
ticular value of R l C product is improved by the use of feedback It is 
still necessary to use a low value of R t to further reduce the source imped¬ 
ance to an amount required to match a low value of R 0 . 

The effective output impedance can be reduced to almost any desired 

r c r tx 8tage8 of gain in the ami,nficr end ° sed ^ - 


Case 3 i C athode-loadcd 
a low-impedance driving 


Feedback Circuit. Another means by which 
source may be obtained is by the feedback 
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(a) Actual circuit 

R f 



i---1 

(6) Determination of output impedance 


Fia. 10-25. Alternative arrangement of impedance-matching feedback amplifier for 
more effective placement of coupling capacitance. 



G - Gain up to final stage 
(6) Determination of output impedance 
Fio. 10-26. Arrangement of Fig. 10-24 with additional gain. 


method shown in Fig. 10-20. A simple embodiment of this method is 
the circuit of Fig. 10-27a, which fits the general form with Z y — 0. 
Solution of Eq. 10-49 with pentode approximations results in an expres¬ 
sion for gain given by 

r _ _ Qm\[Rk x Rl.J(Rk x + #*.,)](! + _ 

T 1 4 - gmi[Rk x RL t /KRk x 4 - Rl ,)](! + gmiRt^ 
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The internal resistance looking back from the load is found from Eq 
(10-48) with pentode approximations to be 



It* 


1 + <7ml/?*,(l 4" 


Variations in the internal resistance without affecting tube operating 
levels may be obtained by variation of Rl v 


+ 120v 



(6) Modified circuit without negative supply 
Fig. 10-27. i/ow-iinpcdance-output cathode-loaded feedback circuits. 


The particular circuit shown in Fig. 10-27a was designed to supply a 
2-volt peak-to-peak signal to a 75-ohm transmission line. The bias con¬ 
ditions are chosen in such a way that the tubes have approximately equal 
gj s at their respective operating points, and the opposite and almost 
equal tube currents at the operating points remove most of the d-c com¬ 
ponent from the line. A graphical analysis of the operation of this cir¬ 
cuit shows that, over the output-voltage range specified, each tube goes 
through most of its dynamic range. However, the two tube currents are 
changing in opposite directions, thus causing the g„ of one tube to increase 
while the other is decreasing. Inspection of the expression for R { shows 
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that this relationship tends to maintain R { relatively constant over wide 
variations in output-signal level. 

If greater power-handling capabilities are required, it would be neces¬ 
sary to use tubes of greater peak-current capacity. 

In cases where the negative supply is objectionable, the modification 
shown in Fig. 10-276 may be used. In this case, a-c coupling is used 
from the plate to load, and the negative supply has been eliminated. 
There is now, however, some d-c voltage on the transmission line because 
of the tube 1 current. There is also an 1-f response problem because of the 
RC- time constant in the output circuit. The situation, however, is similar 
to that illustrated in Fig. 10-25, where the 1-f response for a particular 
value of RC time constant is improved by the use of the feedback loop 
which encloses it. 

If more gain or a lower output impedance is needed than can be fur¬ 
nished by the two-tube circuit, an additional stage in the form of a cath¬ 
ode follower can be added, the feedback being derived from the cathode- 
follower output. 

10-13. The D-C Component in the Video Signal. It was demonstrated 
in Chap. 4 that the video output signal from certain types of pickup 
tubes such as the iconoscope contained no reference level which corre¬ 
sponds to zero illumination, or black level. Other tubes such as the imago 
orthicon were found to contain such a reference level, i.e., during the 
beam retrace time (blanking interval) for both horizontal lines and vor¬ 
tical retrace a definite signal current was found to flow in the external 
load resistor independent of the picture content. This was found to be 
a black-level signal. In the case of the image orthicon, the mechanism 
is such that, for nonilluminated areas, the entire electron beam except 
for small losses is returned to the first stage of the electron multiplier. 
This means that black level corresponds to a maximum of current in the 
electron multiplier and, therefore, in the external load resistor. Since 
the electron flow is from the collector through the resistor to ground, the 
polarity of the output signal is such that black is negative with respect 
to ground. This is commonly referred to as a black negative signal. 
During the retrace time, the target is blanked with a negative-voltage 
pulse which prevents the electron beam from striking. Therefore, the 
condition in the external-load resistor is identical with that for nonillu¬ 
minated areas. Such a blanked output signal is illustrated in Fig. 
10-28a on a time scale corresponding to twice horizontal-line period, and 
in Fig. 10-286 one complete vertical-field period is indicated. 

If retrace time does not produce a definite black level, it is possible to 
insert one artificially as shown in Fig. 10-29. This is done by adding a 
blanking signal, or pedestal , to the video signal and then clipping off the 
excess at any desired level. This technique is usually employed even 
though black level is preserved, inasmuch as the black level in the 
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camera output contains random noise and other spurious signals from 
stray pickup, which should be removed from the pedestal by the clipping 

^Since the d-c component in the video signal is removed by passage 
through capacitance-coupled stages, it is necessary to reestabbsh it at 
the point at which blanking level is inserted if the correct level's to be 
maintained as picture content is vaned. This might be accomplished by 
either manual or automatic adjustment of level. Automatic adjustment, 



MM,. AuJJmU 

*___--I I 


(6) Video signal over field repetition interval 

Fio. 10-28. Video 8,goal with negative black-level pedestals during line and field 
retrace. 

or insertion of a d-c component at any point in the video amplifier sys¬ 
tem, may be accomplished by means of devices known as d-c restorers 

an 10-14^^Application of Rectangular-waveform Analysis to Video Signais. 
The methods of transient analysis described in Chap. 7 included the anal¬ 
ysis of periodic waveforms, and a complete analysis of the response of an 
RC circuit to a suddenly impressed rectangular wave was carried out in 
Sec 7-16 and Sec. 7-17. It was pointed out in Chap. 2 that video-sys¬ 
tem requirements may be evaluated in terms of the response to rectangu¬ 
lar waveforms, and the 1-f requirements of the video system were deduced 
in terms of the response to such a waveform, which was derived as the 
result of a half-white half-black picture. Another waveform upon which 
amplifier criteria might be based is the all-white picture, interrupted only 
by black-level line and field-retrace blanking pedestals. 

During the first period of an impressed rectangular-wave train applied 
to the RC circuit of Fig. 10-30o with some initial charge on C at the time 
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(a) Video signal with no black level pedestal 



(c) Signal and pedestal added with clipping 

level as shown 



(d) D-c component inserted in resultant signal 
Fio. 10-29. Pedestal and d-c component insertion in video signal. 
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(a) First part of waveform 
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(6) Second part of waveform 

Fio. 10-30. Application of recurrent rectangular waveform to RC circuit (total period 
- NT + 7\). 
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the voltage is applied, the output voltage as measured across Rz is 


e 0 {l) - 


R* 


(E - E c0 )« 


— at 


0 < t < Tx 


R\ ■+■ Ri 


(10-50) 


Tx < t < T 


where a = \/(R\ + Ri)C and E c0 is the initial voltage across C. 

At the end of the Nth period, 

-<» - - xrhr , E -~"[<- - »+ t ] ‘ - " 

(10-51) 

The above results are obtained from Eqs. (7-83) through (7-87), together 
with Eq. (7-99) 

If the rectangular wave of period T 4 as shown in Fig. 10-305 is applied 
at T = NT, the output from rearrangement of Eq. (7-88) with (7-99) is 
found to be 




E 


E 


c0 t -.VT 


] 


Q < t < Ti (10-52) 


and by Eqs. (7-89) and (7-99) 


1 


- ( t “ r * - 1) - ^ <- Vr 


'J\ < T < 1\ (10-53) 


where V = t — NT. 

Now, if the initial voltage at the output is due to the fact that, the 
input waveform repeats itself at intervals of NT -f- T then in Eq. (10-52) 


e o (0) = e 0 (7\) 


with 


*.( 0 ) = - 


R 7 


Rx -f- Rt 


E 


c 0 


From these relations, E e o may be determined to be 


Et~ 


E c o — 


aT, (e" r ‘ ~ 1)(1 ~ € 

« ar - 1 


_ *—aNT\ 

1 + {* aT ' 


1 _ ( -o(.VT+fi) 


-] 


(10-54) 


The above value of E c0 placed in Eq. (10-52) and Eq. (10-53) allows the 
entire waveform to be plotted during the interval TV The voltage at the 
end of each interval of the section of the waveform repeating at intervals 
of T can be obtained from Eq. (10-51) for any value of iV, and the output 
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during any part of any period can be found by equations of the form of 
Eq. (10-52) and Eq. (10-53) if Tz is replaced by 7\ in the second of the 

two equations, with the appropriate value of N used. 

The response of the RC circuit to the all-white signal, interrupted only 
by horizontal and vertical blanking pedestals, is shown in Fig. 10-31 for 
different values of time constant 1/a. 



(a) RC short compared to T 


JUULJLJ LJLJLJLJL-- 

(6) RC short compared to NT+ T A 

_JUL_IU1J I—[LJLJLJl— 

(c) RC long compared to NT+ T 4 

Fig. 10-31. Response of circuit of Fig. 10-30 for different time constants. 

--*jmnjLru uijmrLTL-- 

(a) Waveform with 7 1 , larger fraction of T 



(6) Increased tilt for a given time constant 

Fig 10-32 Rectangular-waveform analysis used to get approximate response to 
actual video signal. Left half of picture black, right half of picture white. 

It should be noted that the d-c component in the signal is lost by pas¬ 
sage through the capacitance-coupled network. If the time constant is 
long compared with the total period (NT + T 4 ), negligible waveform dis¬ 
tortion results. If it is not long compared with the entire period but is 
long compared with Tz, only a small tilt will appear across the top of the 
waveform during the interval Tz, the same amount being reproduced 
during the interval NT. If the interval 7\J)ecomes a greater fraction 
of T as shown in Fig. 10-32a, the total tilt for a given time constant dur¬ 
ing the interval NT is greater as shown in Fig. 10-325, since the d-c com¬ 
ponent in the signal is greater. The condition shown in Fig. 10-325 
simulates an actual video signal in which each line is roughly half white 
and half black. As long as the time constant is long compared with 7' s , 
however, the distortion is still small. If the signal is half white and half 
black in the other direction, i.e., black immediately following Tz as shown 
in Fig. 10-33a, it can be simulated by the rectangular waveform of Fig. 
10-335. The response for RC > T 3 produces more distortion than in 
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(a) Actual video signal 



(6) Simulated rectangular waveform 




(c) Response for RC> T 3 

Fia. 10-^3. Rectangular-waveform analysis used to get approximate response to video 
signal. Upper half black, lower half white. 
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(6) Impressed voltage waveform 
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the case of the all-white signal and shows that the time constant must be 
longer for the half-and-half signal. It is apparent that this must be so, 
since the amplitude of the lowest frequency component in the signal is 
greater. The response is shown in Fig. 10-33c. 

10-16. The D-C Restorer. As was indicated in Sec. 10-13, it is often 
uecessary to establish a d-c level in a signal. This d-c insertion may be 
accomplished by a d-c restorer whose action may be understood with 
reference to the circuit of Fig. 10-34a. The diode may be considered as 
an imperfect switch which, when open, has a large leakage resistance and, 

when closed, has some small finite 
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Fig. 10-35. Typical diode characteristics. 
(Each half of type 6AL5.) Effective 
diode resistance for slightly positive 
plate voltages approximately 300 ohms. 


resistance which, to complicate mat¬ 
ters, is nonlinear in nature. Char¬ 
acteristics of a typical diode are 
shown in Fig. 10-35. In most prac¬ 
tical circuits, the open-circuit resist¬ 
ance is sufficiently high to be con¬ 
sidered as infinite in comparison 
with Rz, whereas the conducting 
resistance for small values of posi¬ 
tive plate voltage may be considered 
as the reciprocal of the slope of the 
line tangent to the characteristic 
curve at the origin. This approximation of a nonlinear resistance with 
an ohmic resistance makes possible an analytic solution of d-c restorer 
action. If a rectangular waveform (shown in Fig. 10-345) is suddenly 
applied to the d-c restorer circuit, the resultant action is as shown in Fig. 
10-34c. Whenever the output tends to go positive, the diode conducts and 
the resistance Rz in parallel with Rz becomes the effective load resistance. 
The current flowing in the series circuit consisting of Ri, Rz, and C charges 

C in the direction shown. 

Successive input pulses add more charge, until, finally, the entire out¬ 
put waveform is pushed almost completely below the axis. At the 
beginning of the first input period, the output voltage is 

f<>(0) “ ft, + R[ 


E 


(10-55) 


and during the first part of the first interval is 

0<<<ri 


(10-56) 


where ct\ = 1 / ( R'z “b Ri/C- 
At time T u this is 

r.(Ti)+ 


EM 

/?, + R'z 


(10-57) 
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At the end of period 7\, while the output drops from the value given oy 
Eq. (10-57) to the axis, the input is dropping by an amount [(fti 4- R\)/ 
Rz\e 0 {Ti), leaving an amount E — f(/?i + R 3 ) / R' 3 ]e 0 (T x ) yet to go. The 
amount that the output, drops below the axis is thus 


jr 


c 0 (T } ). 


c 0 (T\)- 


R 2 

R\ 4- R 2 
R2 

R\ -f- R 2 


[ £ 


(10-58) 

ATI 

- e-“‘ r ‘) 

(10-59) 


nud during the interval from T\ to T is 

c.(2') = - ,, E(1 - ,-»■>. T\ < l < T (10-60) 

/» 1 T" /12 

where <x 3 = \/{R\ 4 Rn)C. 

At the end of the interval, the output is 



__ 7 71 _ 

R i + R> { 


—«l r , )^—aj(7 r —Ti) 


( 10 - 01 ) 


At the beginning of the A r th interval, the coupling capacitor has become 
charged, and the output-voltage rise c 0 (NT)+ can be expressed in terms 
of the input-voltage rise E and the output voltage at the beginning of the 
rise e„{NT )_ as 


e.(NT) + = 




R i 4 R 2 


( 10 - 02 ) 


During the Ath interval-starting with the above value, and defining 

(' = t - NT (10-03) 


the output may be expressed as 


;; - [/; + - ± ,u ..(A'V)-j. 


- a,t ' 


0 < l' < Ti ( 10 - 01 ) 


and 

= - 


-u,r 


R 2 


-o,a'-r,) 


Ah + /.‘ 2 

Ti < l' < 7’ (10-65) 


At the end of the interval 


k - [e + ---+ fl 7.(.vr)_ j. 


air 




m +-R, e " a,(r_r,) no - 66 > 


e a {NT -f- 7’)_ = 



322 FUNDAMENTALS OF TELEVISION ENGINEERING 

After a few periods, equilibrium will have been reached, and the period 
following t = NT will be identical with the one preceding it and 

e a (NT + T)_ = e a (NT )_ 

Thus, e a {NT )_ may be put into Eq. (10-66) in place of e 0 (NT + T)_ and 
the resultant equation solved for e a (NT )_. The result is 


e 0 {NT )_ = 


R 2 

R\ T R 2 




1 - e~ a,Tl 
1 _ e -ai(r-r,)-a,ri 


(10-67) 


The amount the output rises above the axis at t = NT can be found by 
putting the value for e a (NT )_ from the equation into Eq. (10-62), with 
the result 

D' 1 _ ,-at(T-Ti) 

e 0 (NT)+ = E f 3 e _ gt(r _ r , 00-68) 

During the first part of the NT interval, the output from Eqs. (10-64) 
and (10-67) is 


R' z 


l _ e -ai(r-Ti) 


e °^ R l 4 - R' E 1 - € -«.(r-r,)-a,r, 


r a,t ' 0 <t' <T X (10-69) 


and during the second part from Eqs. (10-65) and (10-67) 


eo(t') = - 


R 


E 


1 - €~ 0,T ‘ 


.— atU'—Ti) 


Rx + R* 1 - e -a,(T_T|)-a,r ' 


T\ < t < T 


(10-70) 


The above equations may be used to evaluate the important factors 
influencing d-c restorer performance. Careful inspection shows that the 
restorer action is best when R« » Rz and when both R i and Rz are as 
low as possible. Inspection of Eq. (10-68) alone might indicate that 
best restorer action takes place when Rz is small compared with the 
source resistance R\. This situation, however, results in excessive clip¬ 
ping of the waveform peaks if the time constant R 2 C is not long com¬ 
pared with the period 7Y 

The most important criterion for good restorer action is that the time 
constant (Ri + Rz)C be long compared with the period T 2 and that 
R l R 2 be large compared with R i -f- Rz- 

The d-c restorer principles described here may be applied to the all- 
white video signal of Fig. 10-36a. If the time constant (R i + Rz)C is 
short compared with the vertical field period, equilibrium is reached 
prior to the vertical blanking period. Then the voltage e<,(iVT)_ imme¬ 
diately preceding blanking level is given by Eq. (10-67) as shown in Fig. 
10-366. The rise at the beginning of the interval is given by Eq. (10-68). 
The decay during the blanking period is given by 

e „(0 = e 0 {NT)€~ ait ‘ 


(10-71) 
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which at the end of the blanking period is 

e 0 (T\) = e 0 {NT)e- a ' T '’ (10-72) 

The magnitude of the drop below the axis is 

= ,*£*-[* - e ^>] (> () - 73 ' 

The defects indicated in Fig. 10-3G6 are slight if the time constant 
(Ri + R\)C is short compared with the period TV Otherwise, excessive 



(b) Response with (/?, + /? 2 ) C less than 



(c) Response with (/?, +J? 2 ) C much greater than vertical 
period and much greater than (/?i + /t 2 ) C 

Fin. 10-30. Response of d-c restorer circuit to all-white video signal. 

clipping of the peaks will occur. If this is not possible, it is necessary 
that (/?, + R 2 )C be long compared with a vertical period if the distor¬ 
tion shown is not to appear. The response as the result of such a con¬ 
dition is shown in Fig. 10-36c. Usually d-c restorers with time constants 
short compared with the vertical period are referred to as “fast” d-c 
restorers and those with time constants long compared with a vertical 
period as “slow" d-c restorers. 

A good “fast" d-c restorer will readjust itself more quickly after sud¬ 
den transients and to changes in picture content, while a slow d-c restorer 
results in less distortion of a fixed signal. 

10-16. Clamping Circuits. The clamp circuit, like the d-c restorer, 
can be considered as a switch which, however, has some resistance in 
series even when it is closed. Also, like the d-c restorer, it has a finite, 
although very high, leakage resistance when the switch is open. 
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While the d-c restorer acts as a switch which closes at the time that 
the maximum voltage pfcaks occur, the clamp circuit acts as a switch 
which closes at an arbitrarily determined time, usually in synchronism 
with externally applied pulses. Clamps may be designed to operate so 
that they are open when the signal waveform is either positive or nega¬ 
tive with respect to its value at the clamping time. If it is designed for 
operation with one specific polarity, it is a unidirectional clamp, and if 

it is designed for operation for either 
polarity, it is a bidirectional clamp. 

The Unidirectional Triode Clamp. 
A simple form of unidirectional 
clamp is shown in Fig. 10-37. The 
triode acts as an imperfect switch 
which closes at times determined by 
the positive peaks in the clamping 
waveform e c , provided that the sig¬ 
nal potential at point A is positive 
with respect to K immediately prior 
to the application of each positive 
clamping pulse and that the ampli¬ 
tude of the clamping pulse is sufficient to maintain the tube grid below 
cutoff during the periods between clamping pulses. 

Tf the applied signal waveform e.(t) is the all-white signal as shown in 
Fig. 10-36 and the clamping pulses are in synchronism with the positive 
peaks, the action of the clamp is similar to that of the d-c restorer. The 
effective series resistance in the clamp circuit when it is closed depends 
upon the value of the effective plate resistance of the triode when the 
grid is driven xo zero bias or into the positive-grid region. In Fig. 
10-38a is shown the i b -e b characteristic of a typical triode in the vicinity 
of the origin, including the positive-grid region. The approximate clamp 
resistance is the reciprocal of the slope of the characteristic curve for a 
particular grid voltage at a given value of plate voltage. It is apparent 
that this effective resistance becomes lower for increasingly positive grid 
voltages up to a certain maximum, at which point all the curves for more 
positive grid voltage for low plate voltages converge, and no lower effec¬ 
tive'resistance may be obtained by driving the grid more positive. This 
resultant curve for all highly positive grid potentials is sometimes referred 
to as the diode line of the tube, and the reciprocal of the slope of the tan¬ 
gent line in the vicinity of the origin represents the lowest value of clamp 
resistance which can be obtained for a particular tube. For best clamp 
operation, this resistance should be as low as possible. It is this factor 
which primarily governs the choice of a tube for clamp service. The cor¬ 
responding grid-current curves a«». shown in Fig. 10-386, and from them 
can be determined the required characteristics of the grid driving signal. 



Fig. 10-37. Unidirectional triode damp. 
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When clamping takes place during the application of specific pulses, 
the effective clamp resistance depends upon the action of the grid dur¬ 
ing the time the pulses are applied. This depends upon the resistance 
R 0 and the positive potential E ce to which it is returned, the effective 
grid resistance /?, of the tube when the grid is positive, the value of the 



Fiu. 10-38. PoHitiv«*-Kri<I n-giou of triode (measured diariu U riHticH of I2AT7) 

coupling capacitance C c , the source resistance U. of the clumping pulse 
and the character of the clamping pulse itself. 

The effective equivalent grid circuit of the triode clump is shown in 
Fig. 10-39a. The cquivalent diode circuit shown represents tin- grid 
cathode circuit of the triode as a perfect diode in series with the positive- 
grid resistance Hi. The effective load on the clamping-pulse source for 
the duration of the positive clamping pulses is shown by the equivalent 
circuit of Fig. 10-396 and can be used to determine the extent to which 
the grid is driven positive during the duration of the pulses. The equiv¬ 
alent circuit when the grid is negative is shown in Fig. 10-39c. 

The extent to which the grid of the clamp is driven positive may be 
found by applying the principles used in the d-c restorer analysis to the 
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equivalent circuits of Fig. 10-39. It is apparent that, with clamping pulses 
of sufficiently long duration, the positive-grid bias would approach 


E 




Ri 



If R 0 and E ee are chosen such that E emikX corresponds to the diode line ol 
the tube, the lowest possible value of clamp resistance is obtained. For 
short clamping pulses, and for relatively short clamping time constants, 



(a) Approximate equivalent grid circuit of triode clamp when grid 

is conducting 



(6) Effective load on clamping pulse source during clamping time 



(c) Approximate equivalent circuit when grid is negative 
Fio. 10-39. Action of the grid circuit in the triode clamp. 


the effective clamping resistance will be variable over the duration of the 
pulse and will depend primarily upon the effective time constant and 
upon the source resistance of the pulses. The amplitude of the pulses 
must be sufficient so that the plate current in the tube will remain com¬ 
pletely cut off during the time between clamping pulses. 

The Unidirectional Diode-Triode Clamp. The diode d-c restorer may 
be converted to the switched type of clamp with the addition of the 
cathode resistor and the pulsed triode as shown in Fig. 10-40. 

In this case, the triode becomes conducting during the time T between 
clamping pulses. The current flowing‘through R k keeps the diode non¬ 
conducting if the positive signal swing does not exceed the lR k drop. 
At the time of application of the clamping pulses, the triode current cuts 
off and the action of the diode is as the normal d-c restorer except that 
the effective diode resistance is greater by the amount of R k . This 
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clamp is also of the unidirectional type since it only clamps a waveform 
which is positive immediately prior to the time of application of the 

clamping pulse. . . 

The Bidirectional Two-triode Clamp. Many applications require that 

a waveform be clamped at a specific time regardless of whether it is posi¬ 
tive or negative with respect to the clamping potential. Such a clamp 



Fig. 10-40. Tlu- unidirectional diode-triode damp. 


is referred to as a bidirectional clamp, one type of which is illustrated in 
Fig. 10-41. Positive clamping pulses are applied to the grids of V x and 
V j which are cut off in the time T between pulses, if the signal wave¬ 
form is sufficiently small in amplitude. If the potential at A is positive 
with respect to E at the time the clamping pulse is applied, l , is caused 

to conduct and the action is similar 
to the unidirectional clamp of I* ig 
10-37. Point A is short-circuited to 
the clamping potential through the 
plate resistance of Pi- If the poten¬ 
tial at A is below the clamping refer¬ 
ence potential E at the time of ap¬ 
plication of the clamping pulse, l 2 is 
caused to conduct, and point A is 
raised by current flowing through 
the tube resistance of Vj and the 
signal coupling capacitance C. It 
cannot rise appreciably positive with 
respect to E before l'» again begins to conduct. Thus, during the dura¬ 
tion of the clamping pulse, point A can be held at essentially the reference 

potential E. 

The double-triode clamp can be made to have a very low clamp resist¬ 
ance whether it is clamping negative or positive waveforms, provided the 
clamping tubes, their applied pulses, the grid-circuit time constants, and 
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their applied potentials are chosen in such a manner that “diode-line 
operation is approached, as previously discussed. This type of clamp 
has a certain disadvantage in that the sharp leading and trailing edges 
of the clamping pulses, which consist mostly of the h-f components, are 
applied to point A through the grid-cathode capacitance of V* and the 



(6) Approximate equivalent circuit during clamping pulse interval with no 

applied signal, e t (£). and R 2 >">R^ 


i—ww 

Ra 


Cl 

If 


2 


R 


R 


C 2 


(c) Clamp pulse equivalent circuit for the interval between clamping pulses 
Fig. 10-42. Elements of operation of the two-diode clamp circuit. 


grid-plate capacitance of Fi and appear at A as sharp spikes superim¬ 
posed on the video signal. 

The Bidirectional Two-diode Clamp . The type of bidirectional clamp 
which is most widely used in television applications for clamping video 
signals is the two-diode clamp shown in Fig. 10-42a. The operation may 
be simply explained as follows: Assume first that no signal is applied 
through C. to point A and that the two sets of clamping pulses are of 
opposite polarity and equal amplitude as shown and are preferably driven 

from sources of low and equal impedances. 

Positive pulses applied through C\ to point B and negative pulses of 
the same amplitude applied through C 2 to point D cause currents i XB and 
iio and i 2B and Ud to flow through the two branches as shown, charging 
Ci and C 2 in the directions indicated, so that the peaks of the pulses at 
B and D are essentially at clamping level E because of the low impedance 
of t,he diode path. Point. A will also be at potential E because of the 
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low and almost equal resistance of the two diodes. Between pulses, the 
diodes are cut off and will remain so if the time constants R X C X and R 2 C 2 
are sufficiently long compared with the interval between pulses. If 
point A is at a potential different from E at the time the clamping pulses 
are applied, a current i 3 will flow which charges C, in such a direction 
as to bring point A to the clamping reference potential. If A is more 
positive than E, ?' 3 will flow from C c through V 2 and C 2 , and if it is more 
negative than E, current will flow from C x through V x and into C, in 
order to make the potential at A less negative. Equilibrium will be 
established at approximately the clamping potential E, provided C x and 
C 2 are sufficiently large compared with C. that point B or D changes 
only very slightly in comparison with point A during the period of excess 
current i 3 . 

If the signal source resistance R„ the clamp source resistances R a and 
R b , and the forward diode resistances R 3 and R 4 all approach zero, if C x 
and C 2 » C„ if R X C X and R 2 C 2 are large compared with the pulse-repeti¬ 
tion period, and if the clamping pulses are equal, the clamping action 
will be perfect. None of these conditions prevail, however, and the 
effect of departures from the ideal should be considered. 

It will be convenient to consider ground as the clamping reference 
level, that is, E = 0. The final results of any analysis will be the same 
with the addition of potential E. 

The approximate equivalent circuit during the clamp-pulse interval 
for zero signal voltage and for R x » R 3 and R 2 » R 4 (a condition easily 
obtainable in practice) is shown in Fig. 10-426. The current flowing dur¬ 
ing the clamp-pulse interval is 


where 


i .(0 


_ {Ex + E 2 ) - {Eci + 
" " K 



R 3 + Ri + R„ + R,, 

JJxCj 

C x -f- C 2 


and E e i and E c2 are initial potentials across C i and C 2 before the pulse 
is applied, as a result of action during preceding periods. The potentials 
at points B and D are 


e*(0 = {Ex - E cX ) - RaC' [{E\ + Et) - {Eel + E e2 )) 

[«7C, ' (sar. " w ) 0<(<r ‘ 


(10-74a) 


and 

eo{t) 


— {E 2 - Eel) + RtC \{E X + Et) - {Eel + Eei)] 

[ r\c\ - («k _ w) t 1 


0 < t < Tx 


(10-746) 
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The potential at point A will be 

,. v R\e B (t) + RzVd(J) 

“ R 3 + R< 

If R 3 = Ri, C x = C 2 , and R a = Ru, the above equation reduces to 

_ (Ei - Ed) - (E 2 - E c2 ) 

~ 9 


(10-75) 


(10-76) 


This is the potential to which point A is clamped, which reduces to 
zero if the two clamp source voltages are equal and if the charges on the 
two capacitors are equal at the time the pulses are applied. If R a and 
R b are not equal, Eq. (10-75) reduces to Eq. (10-76) only if the time con¬ 
stant R'C' is sufficiently short so that the second terms in Eqs. (10-74) 
reduce to zero during the clamping interval. During the interval before 
this time, it is apparent that a small unbalance signal will appear at 
point A. It is thus apparent that the two clamp source impedances 
should be small and as nearly equal as possible. 

Several effects are possible if E\ and E 2 are not of equal amplitude. 
For example, from Eq. (10-76), point A would be clamped to a potential 
other than ground. Also, during the between-clamp interval, any appre¬ 
ciable leakage conductance of the diodes will cause point A to change 
potential owing to leakage current flowing between A and B or between 
A and D. This results in a “tilt” on the signal waveform during the 
undamped interval which will not occur if Ei — E 2 and the leakage con¬ 
ductance of the two diodes are equal. 

From Eq. (10-76), unbalances also occur if E e \ 5^ E e2 . This condition 

results if C\ ^ C 2 or if the time constants (R a + R\)C\ and (R b + R 2 )C 2 
are unequal and not long compared with the pulse-repetition rate. In 
order to arrive at initial values for E ci and E c2 , it is necessary to con¬ 
sider the equivalent circuit for the interval between clamping pulses 
which is shown in Fig. 10-42c. At the end of the clamping interval, Ci 
and c 2 drop to zero, and there remains a charge voltage E cX (T0 and 
E c2 (Ti), and therefore a voltage e B (7\) and e D (T x ) at points B and D. 
Consider the case in which R 3 = R*, Ra = Rb, and C\ = C 2 : then 

e B (T\) = ( Ei — E e i) — K 
eu(T i) = — ( E 2 — E c2 ) + K 

where 

K = R a C'[(Ei 4- E 2 ) - (E.i + EM ~ {j^[ ~ R' e C ') € r,/ " ,c J 

The diodes remain conducting while the point B drops from e B (T x ) to 
e A (T\) and point D rises from e D (T x ) to e A (Ti) ; however, if the clamping- 
pulse interval is sufficiently long so that, by the end of the interval, 

^—Ti/Uc'C —> o 



then 
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es(T 0 = e P (T 0 = e„(7\) 

i.e., points B ant/ D are brought to the same potential by the end of the 
clamping-pulse interval and the diodes cut off immediately as the input 
pulses start to go to zero at the end of TV If R x » R a , point B drops 
to a value 

ea(T \)_ = e A {T\) — E\ 
and point D rises to a value 

e »(T x ) + = e A (T\) -f- E 2 

During the interval from 7’, to 7’, the points approach ground level 
in accordance with 


e B (t') = [*a{T x ) - Ti < t < T 

and t' = t - Ti 

e D (t') = [e A (T x ) + T x < t < T 

The initial charge on the capacitors at the beginning of the next pulse 
is the same as at the time of the one preceding and is, therefore, 

Ert(T) = E el ( 0) = -M7\) - )/«,<• 

E el (T) = L\ 2 (0) = +M7h) + E,V~"- 


or 


£el(0) = - 


\E i - 7^,(0)] - \E 2 - E c2 ( 0)] 

2 


— E i| € -<r-r,)/*,c 


ft,(0) = + + ft 




which when solved for E e ,( 0) and E e 2 ( 0 ) yields 

Ex -h Ei (1 - € -<r-r,>/**e) e -<r-r,>//*,c 


E eX (0) = 


1 _ y it -iT-Tx)/HiC _ y ze ~iT-Ti)/UtC 


(10-77 a) 


and 


E x + E t (1 - <-< r_ r,)/Aic )e -(r-r l >/«*c 

/S,2(U ' 2 1 - )4e-<T-T t )/H t c 


(10-776) 


These values can be put into Eq. (10-74) in order to obtain e B (t) and 
c/,(Q and into Eq. (10-70) in order to obtain e A (t) during the clamping 
pulse. 

It is desirable that e A (l) be at ground potential for proper clamping 
i.e., from Eq. (10-70) 

Ex - E 2 = Eci(O) - E c2 { 0) 

Substituting E £l (0) and E c2 { 0) from Eq. (10-77) into the above expres¬ 
sion results in 

Ex 1 — 

E 2 


1 — t -ir-Tt)/iuc 
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which for time constants RiC and R 2 C long in comparison with the 
period T may be written as 

Ei _ (T - T 1 )/R i C 
E 2 (T - Ti)/RxC 


or 



(10-78) 


This equation shows that, for unequal amplitudes of clamp pulses, 
clamping can still be to the reference potential if the relationship of 



(a) Balance adjustment for unbalanced clamp sources 



(6) Self-biasing adjustment 

Fig. 10-43. Biasing and balancing of two-diode clamps. 

Eq. (10-78) is maintained. Although the above analysis assumed ground 
as a clamping level, the result would have been the same for any other 
fixed potential E. 

In order to provide the balance required, it is desirable to include an 
adjustment on the R 1 /R 2 ratio which can be accomplished with the poten¬ 
tiometer shown in Fig. 10-43a. 

Clamping to a potential E other than ground can be accomplished 
without the external source E shown in Fig. 10-43a by an unbalance of 
R x and R 2 as shown in Fig. 10-436. In this case e A (t) will be at the desired 
clamping potential when Eq. (10-76) reduces to 

E = 


or 



2 E = (Ei — E 2 ) {E e i — E e i) 
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Putting values for E eX and E c2 from Eq. (10-77) into the above relation 
and considering the special case of E\ = E 2 yields 



Ei_ 

2 l - V 2 e 




-(r—ri)//?iC _ 




-(T—TO/KtC 


and if R y C and R 2 C are long in comparison with T — T u the approxima¬ 
tion t~ T,RC = 1 — ( T/RC ) is valid and 



R 2 — Ri 
R2 + R\ 


or 


R\ Ei — E 

R 2 Ei + E 


(10-79) 


The amount of self-bias which can be obtained in this fashion is limited 
unless excessive amplitudes of E 1 and E 2 are used with the resulting 
problems which arise from diode leakage. 

The analysis carried out above has assumed no signal source and no 
charge to be replaced on C. during successive clamping pulses after equi¬ 
librium is reached. If such a charge is to be replaced, an excess compo¬ 
nent of current t« will flow at point A to bring it into equilibrium. If 
point A is slightly positive relative to the clamping potential E just 
before a clamping pulse, i% will flow through V 2 and into C 2 . If C 2 is 
sufficiently large in comparison with C„ the change in potential of 
point D is negligible and the potential at point A will be brought to 
the clamping level E in accordance with 

e A (t) - E = [e A (0) - EU-‘'<*'+«m 

and if point A is negative, a current from C will flow through R 3 and 
into C a, bringing it to the clamping level E in accordance with 

e A (t) - E = MO) - >c. 

provided C 1 » C.. 

The Bidirectional Four-diode Clamp. The two resistors R x and R 2 of 
Fig. 10-42a may be replaced by two diodes as indicated in Fig. 10-41a. 
Here the clamping level does not depend upon a resistance balance. 
Rather points A and D are established at the clamping level E at the 
peaks of the clamping pulses by d-c restorer action of the additional diodes. 
The resistor R is required to prevent point B from drifting to a highly 
positive potential, or D to a highly negative potential, either of which 
would prevent the clamp from operating. The value of R must be high 
enough to maintain a sufficiently long time constant in the clamp-pulse 
circuite. 
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In £. modified version, the clamp pulses can be applied from a trans¬ 
former as shown in Fig. 10-446. 

10-17. Clamping in Video Amplifiers. The most obvious use of a 
clamp is as a d-c restorer which acts to establish a d-c reference level in 



(a) Capacitive coupled clamp pulses 



(6) Transformer coupled clamp pulses 
Fig. 10-44. The four-diode clamp. 


innnnnmmnr 


(a) Original signal (all-white, black negative) R A 


(6) Signal with hum superimposed 


(c) Signal at point A as a result of clamp acton 
Fig. 10-45. Removal of 1-f components with a clamp. 

the signal. The switched clamp is, however, capable of results of which 
the d-c restorer is not. These are due to the special property of the 
video signal that a definite amplitude reference level is always available. 
Because of this property, the clamp may act to eliminate any 1-f “hum” 
or “ripple” which is unintentionally introduced in the signal, or it may 
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act to restore 1-f components which may have been lost owing to passage 
of the signal through circuits having poor 1-f response. The first of these 
functions is illustrated in Fig. 10-45. 

The original signal is shown in Fig. 10-4 5a and for convenience is taken 
as the all-white signal. This signal, in the process of amplification, 
acquires an 1-f component superimposed on it as shown in (6) which is 
applied to the input of the clamp circuit as shown. The clamp circuit 
is indicated as an imperfect switch which closes in synchronism with the 
input pulses applied to it. If the clamp resistance R e is sufficiently low 
so that the time constant R e C e is short compared with the width of the 

rrrrinrw__-_jy 

(a) Original signal 



( b ) Distortion due to poor low frequency response 



(cl Restored signal due to clamp action 
Fio. 10-10. IJsc of chvrnp to restore 1-f response. 

clamp pulse, the black-level peak will be brought to the clamping level 
each time, with the resulting signal at point A as shown in (c). The 
resultant signal resembles closely the original signal, particularly if the 
frequency of the hum component is low in comparison with the repetition 
rate of the black-level intervals. Therefore, a clamp to be used for this 
service requires that the net change in level be small from one clamping 
interval to the next (since this amount of “tilt” will always be repro¬ 
duced in the resultant signal), that a constant level (such as black) be 
available to clamp to, and that the clamp itself fulfill the requirements 
of a good clamp, as discussed in the preceding section. What can be 
deduced for the all-white signal applies equally well for other signal con¬ 
tent, although the inclusion of other signal levels may make the require¬ 
ments of the clamp either more or less stringent. 

The use of the clamp to restore lost d-c components is illustrated in 
Fig. 10-4G. The signal represented in (a) is a half-white and half-black 
one, broken up with pedestals of slightly greater than black level at line- 
Bcanning intervals. If this signal is applied to circuits having poor 1-f 
response, the result may be that of ( b). The 1-f distortion may be 
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removed by the clamp as shown in (c). Again, the 1-f distortion must 

not be so bad that appreciable 



(6) Equivalent grid circuit of limiter 


change takes place between one 
pedestal and the next, since this 
tilt will appear as a horizontal 
shading in the picture. Calcula¬ 
tions of clamp performance should 
be based on this requirement. 

It should be pointed out that no 
appreciable nonlinear distortion 
should be introduced in the ampli¬ 
fiers prior to the application of the 
clamping pulses. This would result 
in distortion in the clamped wave¬ 
form which might be more objec¬ 
tionable than the original distortion. 

10-18. Limiting and Clipping Cir¬ 
cuits. In the video channel, as well 


E as in other circuits in the television 

t b system, certain types of nonlinear 

s amplifiers are of importance. One 

** of these is a saturating type of am- 

-11—||-plifier which limits signal peaks to 

✓v- ^ i V ' == '| a definite maximum value. Such 

\ E ^ a circuit is usually referred to as a 

limiter. Another type of circuit 
(c) Tr.ode clipper circuit which might perform the samefunc- 

j tion is one which will not pass sig- 

j ** nals of greater than a maximum 

/ value. This is done not by a sat- 

/ uration process but by opening the 

/ signal path for such signals. Such 

/- - \ a circuit is usually referred to as a 

j _ X X clipper. 

e c j An example of a limiter is shown 

/ in Fig. 10-47a. Suppose it is de- 

sired to remove the portion of the 
—v. input signal shown above the level 

A. This may be accomplished by 
r inserting a series grid resistor as 

(d) Transfer characteristic for clipper action s hown. The grid-cathode circuit 
Fia. 10-47. Use of a triodc as a limiter or ^ be thought Q f a8 a d-C restorer 

clipper. operating from a source having an 

unusually high source impedance as shown in Fig. 10-476. The resist- 
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ance R * is the input resistance of the tube, with the diode being con¬ 
sidered as a perfect diode. The amount of limiting can be determined 
by the methods described in connection with the d-c restorer analysis. 
The signal appearing at the plate is that which is amplified by the triodc 
and inverted in the process. The limiting action is the same as though a 

diode were used as the limiter. 

[ bb The same triode may be used as 

v~. ~ > a clipper if the signal has reversed 

E<x - Z^LL— polarity as shown in Fig. 10-47c. 

_j ( 1 ( ) * n case, the triode is operated 

I at low plate voltage such that the 

S f J 4- dynamic i b -e c transfer characteristic 

? bears the relationship to the signal 

- „ amplitude as shown in Fig. 10-47d. 

In order to prevent the clipping 
. level from changing with the average 



value of the signal, it might, be necessury to use the d-c restorer in connec¬ 
tion with the clipper as shown in Fig. 10-48. This d-c restorer sets the level 
of the peaks. If the unwanted portion of the signal is subject to amplitude 
variations, but a definite clipping level is desired, it may be necessary 
to use a clamp operating at the clipping level as shown in Fig. 10-49 and 
operating at time t during the occurrence of the desired level, as indicated. 

A diode may be used as a clipper as indicated in Fig. 10-50a. The 
input potential e in series with its own internal impedance /£, is applied 
to the diode and its load resistance R,., which is returned to the bias 
potential E. When the plate of the diode is below the potential E, no 
current flows. When the plate is more positive than E, the diode con¬ 
ducts and the approximate equivalent circuit includes the effective diode 
resistance R d as shown in Fig. 10-506. The whole system may be reversed 
polarity wise by interchanging the plate and cathode of the diode. 

If the d-c component is absent from the signal voltage, as it would be 
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in a capacitance-coupled stage, it may be necessary to reestablish a d-c 
level before clipping as shown in Fig. 10-51. 

10-19. Special Diode Characteristics; the Germanium Crystal Diode, 
The characteristics of a typical diode were shown in Fig. 10-35. No 
response was indicated for negative plate-cathode potentials. This is 
proper for the usual vacuum diode since the effective diode resistance 

for negative plate potentials is at 
least several megohms. The effec¬ 
tiveness of a d-c restorer can be 
measured, in part, in terms of the 
ratio of its forward-to-raverse resist- 


(a) Clipper circuit 


(6) Equivalent circuit when diode is conducting 
Fro. 10-50. Use of a diode as a clipper. 

ance, the reverse resistance being a measure of the current which flows 
when the plate of the diode is negative. The d-c restorer as illustrated in 
Fig. 10-34 shows the resistance R 2 in parallel with the diode. If the back 
resistance of the diode is not large compared with R 2 , it should be consid¬ 
ered as being in parallel with R 2 when the plate is negative with respect 
to the cathode. 




Fra. 10-52. Effect of capacitance on clipper performance. 

In most applications for d-c restorers and in limiting and clipping cir¬ 
cuits the reverse resistance of a vacuum diode may be considered as 
infinite. 

However, in series clippers, the plate-cathode capacitance of the diode 
sometimes plays an important part. Consider the circuit of Fig. 10-52, 
with C p k as shown. Everything above E in potential should be clipped; 
however, the sharp leading edge is fed through the capacitance and 
appears in the output as shown. Even a few micromicrofarads of capaci¬ 
tance are sufficient to cause trouble for pulses with fast rise times. 
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The germanium crystal diode may sometimes be used in clipper service 
where vacuum diodes are impractical because of the shunt capacitance. 
The effective shunt capacitance of the germanium diode is a fraction 
of a micromicrofarad as compared with several micromicrofarads for the 

vacuum-tube diode. Also, the for¬ 
ward resistance is usually less for 
reasonably small plate-cathode po¬ 
tentials. The characteristics of 
typical germanium diodes are 
shown in Fig. 10-53. This voltage- 
current characteristic indicates a 
relatively low back resistance as 
compared with vacuum diodes. 

Forward voltage (volts) 



(fr) Reverse characteristic (*>) Equivalent circuit for plate negative 

Fio. 10-53. Germanium crystal diode Fio. 10-54. Equivalent clipper 

characteristics. circuits considering back re¬ 

sistance. 

This limits their usefulness in certain applications. For example, they 
are not, in general, suitable for use in the diode clamp circuits previously 
described although they are often used as d-c restorers. 

The approximate performance of the clipper when the back resistance 
has to be taken into account may be determined by two equivalent cir¬ 
cuits, one with the average forward resistance R d and one with the 
approximate reverse resistance R b as shown in Fig. 10-54. 

If the clipping is to be complete at a definite level, it may be seen that 
Rt must be much larger than Re, and if a loss in amplitude of the output 
signal is to be minimized, R L should be much larger than R d . This 
consideration determines the required front-to-back resistance ratio of the 
diode. 

10-20. Keying and Signal Mixing. It is necessary, at some places in 
the television video system to establish ar arbitrary reference level fusu- 
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ally corresponding to black level). Adding and mixing circuits, as well 
as limiters, clippers, and multipliers are involved. Such circuits are also 
involved in synchronizing circuits, to be discussed in Chaps. 13 and 14, 
and in the synthesis of the color signal in color subcarrier systems. 



Fio. 10-55. Plate-circuit mixing with 
pentodes. 



Two signals may be added in the common plate circuit of two pentodes 
as shown in Fig. 10-55. If Rl is low compared with the plate resistance 
of the tubes and the tubes have equal gj s, then 

e p = — g m (e 0 i + e 0 2 ) (10-80) 

Either or both of the grids may be direct-coupled to their respective 
sources or can be d-c-restored, or clamped as necessary. Triodes may be 
used in the same application, in which case the output turns out to be 


— nRL(e 0 1 + e oi ) nn.«n 

“ r p + 2 R l 

When triodes are used, the magnified effect of grid-plate capacitances is 

important, as it is in any triode amplifier. 

Triodes may also be used in the cathode-coupled stage as shown in 
Fig. 10-56 to add two signals, provided one of the signals is reversed in 
polarity. This circuit is, strictly speaking, a difference amplifier, since 
the load voltage is out of phase with the voltage applied to one grid but 
in phase with the voltage applied to the other one. The circuit is a 
true difference amplifier, provided the arrangement shown in Fig. 10-57o 
is used with identical tubes. In this case, 


(10-82) 


An alternative arrangement for a true difference amplifier is that shown 
in Fig. 10-576,'provided R pk = Rk. 
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In mixing of signals in picture amplifiers, it is not usually necessary 
that an accurate sum or an accurate difference be obtained. More often, 



(6) Method 2 

Fio. 10-57. Triode cathodc-couplcd stage as true difference amplifier. 

it is required that a signal level be raised or lowered during a specific 
interval such as during the sweep retrace time during which it is desired 
that a black level be established. 

The mixing amplifiers just discussed 
are applicable for this purpose. 

A slightly different type of mixer 
is illustrated in Fig. 10-58, in which 
the signal is applied to the control 
grid of a pentode and a blanking 
signal applied to the suppressor grid. 

This signal cuts off the plate current 
with the resultant output as shown. 

A tube type which is useful for this 
application is the 6AS6 pentode, 
which has good suppressor-control 
characteristics, as shown in Fig. am "filler^ ° f & pentodc M a rnixin K 
10-59. P ‘ Cr ‘ 

The other types of mixers can be used to perform the same function. 
The waveforms at the output of the various types are shown in Fig 10-60 

In order to establish a fixed reference level in the resulting signal as 
shown by the dashed lines, the signal may be applied to a series clipper, 



Plate or screen, ma 
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Grid No. 3 volts 

Fia. 10-59. Pentode characteristics for mixer service. 


(a) Output of difference amplifier 


(6) Output of mixing circuit of Fig. 10*57 
Fig. 10-60. Waveforms from output of blanking amplifier. 
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which should be of the germanium diode type to minimize the effects of 
shunt capacitance. A complete mixing and clipping circuit is shown in 
Fig. 10-61. With the signal shown here, a reference level already exists 
in the signal, but it is desirable to establish another one slightly different 
from but bearing a definite relationship to it. This may be accomplished 
by the aid of the clamp circuit, which clamps at the times indicated in 
the grid circuit as shown. 



Fio. 10-61. Complete blanking and clipping circuit. 


When accurate linear addition of video signals is required, it is possible 
to use a feedback amplifier of the form shown in Fig. 10-18a with multiple 
inputs consisting of the sources to be added, all connected through indi¬ 
vidual resistances to the grid of the amplifier. If all the sources have 
identical resistances, each equal to 7?i, and if the gain of the amplifier is 
sufficiently high, the output is equal to Rp/R\ times the negative of the 
sum of the individual input voltages. 

Where signals are to be multiplied, /,+ 
a circuit known as the double balanced 
modulator is applicable. Such a cir- ^2 

cuit is discussed in (’hap. 15 in connec- eJ- 4 * 77 ? 2 a/ 
tion with the synthesis of color sub- 
carrier signals. ^ ia - 10-62. Low-frequency noise 

10-21. Low- to Moderately High- source8 in input circuits - 
frequency Signal-to-noise Ratio in Tube Circuits. Random noise as 
associated with low-signal-level circuits such as pickup tube outputs was 
discussed in Chap. 4. The sources of noise in a grounded-cathode 
vacuum-tube input circuit with a current source are shown in Fig. 10-62. 

The noise sources are the noise component /„, present in the input 
source current /., the thermal noise of the source load resistance R 7 , and 
the shot-effect noise of the amplifier tube converted to its input equiva¬ 
lent noise resistance R tq . The situation with respect to combined noise 
sources and effect of variable-frequency characteristics was discussed 



344 


FUNDAMENTALS OF TELEVISION ENGINEERING 



fully in Chap. 4. However, the 
noise performance of amplifiers 
other than the grounded-cathode 
configuration was not considered. 

A triode amplifier may be used as 
a grounded-grid stage (Sec. 10-6) 
in addition to the conventional 
grounded-cathode configuration. 
Two triode sections, in addition to 
their use as cascaded grounded- 
cathode stages, may be used as a 
cathode-coupled stage (Sec. 10-7), 
a grounded-grid stage feeding a 
grounded-cathode stage, a conven¬ 
tional stage feeding a grounded- 
grid stage which is known as the 
cascode amplifier (Sec. 10-8) or as 
two grounded-grid stages. These 
two-stage configurations are illus¬ 
trated in Fig. 10-63. 

Noise in Cathode Followers. At 
the output of the cathode follower, 
there is the noise component due 
to R eq of the grid circuit of 


(c) Grounded grid stage feeding 
grounded cathode stage 



(d) Conventional stage feeding grounded 
grid stage (cascode stage) 



(e) Two grounded grid stages 

Fio. 10-63. Various configurations for a 
two-stage amplifier. 


Fo»i = Vi kTR" Af 

_ V-Rk _ 

r p -f- Rk(n -f- 1) 


(10-83) 


In addition, there is a noise com¬ 
ponent resulting from the thermal 
noise of the cathode resistor Rk of 


E o„ 2 = V4 kTR k Af 

rj Qi + 1) 

Rk + [r,/(#t + 1)] 


(10-84) 


These results follow from the equiv¬ 
alent circuits of Fig. 10-64. 

This second component is usually 
negligible compared with that due 
to grid-circuit noise, and the noise 
at the output becomes the grid- 
circuit noise multiplied by the gain 
of the cathode follower, which is less 
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than unity. Thus, the cathode follower merely refers the thermal-noise 
voltage of the tube to the input of the next stage in the system. 

Noise in Grounded-grid Stage. The grounded-grid stage driven by a 
signal source with finite impedance R„ as shown in Fig. 10-65, has an 
output component due to R eq of 


E 0n3 


_ n y/WTR^Af R l 
r p + Rl + R,{n + 1) 


(10-85) 


The noise contribution due to R. is 


Eoni — 


\RJ(R. + ft.)] (VU-T/t. A/ ) („ + 1) R l 

r p + Rl 


( 10 - 86 ) 


where R> is the input resistance of the grounded-grid stage given by 



(a) Equivalent noise generators 


/*+l 



( b ) Equivalent circuit for grid circuit noise 



(c) Equivalent circuit for cathode resistor noise 
Fio. 10-64. Random noise in cathode 
follower. 


R t = (10-87) 

n + l 

Thus, the output noise voltage 
resulting from grid-circuit noise of 
the grounded-grid stage depends 
upon the degenerative effect of the 
driving circuit impedance in the 
cathode. 

Noise in Cathode Follower Driving 
Grounded-grid Stage. The total 
noise output from the grounded- 



grid stage driven by a cathode follower may be deduced from the fore¬ 
going equations or from the complete circuit of Fig. 10-66. The com¬ 
ponent of noise resulting from the grid-circuit, noise of the first stage is 

En io = V4kTR eg 7Af G t (10-88) 


where G T is the over-all gain of the calhode-coupled stage. 

The component resulting from thermal noise of the cathode resistor 
Rk is 


E n 20 


V*kTR k Af \R tl R ,,/(!?., + /?„)) 
R k 4- (/i\ l /«\2/(/? ll -F i7,2» 


TOO 


(10-89) 
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Fig. 10-66. Noise sources in cathode-coupled stage. 


where Gao is the gain of the grounded-grid stage and R a and I?** are 
the impedances looking into the cathodes of tube 1 and tube 2, respec¬ 
tively, i.e., 



r Pi 

Mi + 1 



r P 2 -f~ Rl 
M2 + 1 


Goa = 


(m 2 ~f~ !)/?& 
r P 2 + Rl 


(10-90) 


uuioo vn tut; 


The component resulting from grid-circuit 
given by 

p = _m \/4 kTR tQ2 Af R l _ 

T V 1 + Rl. + [RkRil/(Rk ■+■ /^» i )][ m 2 4 1 ] 






(10-91) 


The total noise is given by 

£„0 = Vs.,,' + £'„2 o ! + E 

If Rk is sufficiently high, this becomes 


n3<l 


EnO ~ V EnlO 2 4 E n lo 2 


Also, if 


RkRi 


a 


Rk 4 Rn 


4 r p » R l 


then 


E n 30 — 


M2 \/4kTReg2 A/ Rl 

r P 2 4 r p i(/ia 4 1 )/(mi 4 1) 


(10-92) 


(10-93) 


(10-91) 


Rk» 


r P i 

mi 4* 1 


Furthermore, if 
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the gain of the cathode follower approaches H as a limit if the tubes are 
similar. Thus, in the limiting case with and mi » 1, 


r I hzRl 

T 2 r p2 ■+■ Rl 


(10-93) 


and the total noise becomes 


E 


-[ 


AkTR 


eq 




hRl VI* 

r P iM2,Vi/ . 


If Re q i = Re *2 and tlic tubes are identical this reduces to 


Since the signal output under the same conditions is 

„ _ 1 hRl E t 

£ "° ~ 2 r p Rl 


(10-90) 


A. = \ A y /1 + (H^)’ dO-97) 


(10-98) 


the signal-to-noise ratio if r p Rl is given by 


E.o _ _ R* _ 

E n o \/2 VAkTR^f 


(10-99) 


This result shows that the signal-to-noise ratio of the cathode-coupled 
stage under limiting conditions is approximately y/2 times as poor as the 
conventional triode amplifier. 

Noise in Conventional A mplifier Followed by Grounded-grid Stage (Cas- 
code Stage). The cascode stage described in Sec. 10-8 has noise sources 

shown in Fig. 10-07. 



R 


L2 


It is convenient to define the input impedance of the second stage 
the gain G\ of the first stage, and the gain (7j of the second stage as shown 
in Table 10-1. In terms of these definitions, the output noise voltage 
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TABLE 10-1 

IMPEDANCE AND GAIN RELATIONSHIPS IN CASCODE STAGE 


Quantity 

Exact expression 

Approximate expression 

R\ 2 

t p i 4- Rl t 

M2 4- 1 

— for r p2 Rl„ 2S> 1 

QmZ 


Rl\R% 2 


Gi 

Rli 4- R* 2 

rpl + Rl X + R* 2 

^- l for Rli ^ R%i, t p \ » Rit 

Qml 

Gj 

(m2 4" 1 )Rli 

Rli + Tp I 

for r p2 R Ltf /12 1 

Go 

GiGi 

0m l Rl,i 


resulting from the three noise sources is 
E„io = \/4kTR eq i Af Go 
Enzo — y/4ikTR eQ 2 Af 




T V 1 + Rl, + [fpi/?*.,/(r p i 4" #i.,)] (m2 4“ 1) 


V _ „ /A l.rp D a / [RiiRpl/(Rii 4" 7"pl)] /~f 

£„ 3 o - V4 KTR Ll Af - R - f --jj O, 


( 10 - 100 ) 

( 10 - 101 ) 

( 10 - 102 ) 


The effects indicated by Table 10-1 and Eqs. (10-100) to (10-102) may 
be summarized as follows: 

1. The gain of the cascode stage approaches that of a single pentode 
which has an equivalent g m . 

2. The output noise resulting from grid-circuit noise of the first stage 
is the equivalent grid noise multiplied by the over-all gain. Thus, as 
far as this noise component is concerned, the stage has the noise charac¬ 
teristic of a triode with the gain-bandwidth characteristic of a pentode. 

3. The contribution of E n 3 becomes negligible if Rl x Rn. This is 
usually the case. 

4. The contribution of grid-circuit noise of the second stage is negli¬ 
gible because of the large amount of cathode degeneration. 

Cascode circuits because of their lev noise characteristics are appli¬ 
cable for small-signal video amplifiers, such as the first stage following the 
pickup tube (see Chap. 15), and for xow-level r-f input circuits as in the 
first stage of receivers (see Chap. 17). 

10-22. Additional Sources of Noise at Ultra-high Frequencies. In 
addition to the effects of noise sources previously considered, amplifier- 
tube noise increases as the frequency of operation increases. The main 
cause of such an increase is noise induced in the grid circuit as a result of 
the fluctuation in the number of electrons passing through the potential 
minimum of the grid region. The effect of such fluctuation has long 
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been considered equivalent to a thermal-noise source associated with the 
input-conductance component which results from the same transit-time 
effect (Sec. 10-5) as shown in Fig. 10-G8a. The magnitude of this noise 

component was first postulated as 1 

E ne 2 = 0i4kToR,*f) (10-103) 

where 

0 = 1.4 £ (10-104) 

T k being the temperature of the cathode and T 0 being operating tem¬ 
perature. W ith a room temperature of 300°K and a cathode tempera- 



(a) Input circuit with current signal source 


E t 

( b ) Complete input circuit including input resistance 
and internal resistance of signal source 


* 0 . 

(c) Equivalent circuit including /?,„ as a noise source. 

Fia 10-08. Input circuit for evaluating random-noiae effects, including those resulting 
from transit-time considerations. 

ture of 1000°K, this gives a value of 0 = 4.8. The value of 0 = 5 has 
usually been used in subsequent discussions of this noise source. 

It has been shown that the component of input conductance resulting 
from the feedback effect of cathode lead inductance does not have a noise 
component associated with it. 2 Thus, in treating the h-f noise perform¬ 
ance the circuit of Fig. 10-086 may be considered. If the noise compo¬ 
nent £(, n at the grid is computed and the signal-to-noise voltage ratio 

* D O. North, and Robert W. Ferris, Fluctuations Induced in Vacuum Tube Grids 
at High Frequencies, Proc. IhE, Vol. 29, pp. 49-50, 1941. 

* C. J. Bakker, Fluctuations and Electron Inertia, Physics, January, 1941, pp. 23-43. 
R. L. Bell, Induced Grid Noise and Noise Factor, Proc. IRE, Vol. 39, pp. 1059-1063, 

September, 1951. 
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taken, the result is 

Eo. 

Eon 

This result shows that since there is no noise voltage associated with the 
feedback resistance, the signal-to-noise ratio is independent of the feed¬ 
back resistance even though it appears in the equivalent circuit. This 
result is valid only if the noise voltage R €q as shown in Fig. 10-68c is 
negligible. Analysis with R eq present shows that the output signal-to- 
noise ratio is not completely independent of R F . 

As a practical matter, however, as has been pointed out, the conduct¬ 
ances resulting from transit-time effects and from cathode lead induct¬ 
ance both vary as the square of the frequency and are not readily sepa¬ 
rable by measurement. Further, if triodes, and particularly disk-seal 
tubes, are used, the lead-inductance effects are small in comparison with 
transit-time effects and all the input conductance can be considered as 
resulting from transit-time effects. 

It has been demonstrated that there is some correlation between the 
normal shot-effect noise (as represented by the noise of R, q ) and the 
transit-time noise (as represented by the noise of Rg). 1 This means 
that the two effects are not completely random with respect to one 
another and that some possibilities exist for cancellation of part of the 
shot noise by making use of the correlation between such noise and the 
induced grid noise. This matter will be discussed further in Chap. 17 
in connection with receiver input circuits. The effect of such partial 
cancellation would be to replace the equivalent grid resistance with a 
reduced equivalent grid resistance R, qR . 

10-23. General Transmission-line Equations. Transmission lines are 
of fundamental importance in many parts of the television system. They 
are used for the transmission of wide-band video signals from the camera 
to control equipment and from control equipment to r-f transmitters. 
They are used for transmission of video-modulated carrier signals from 
transmitter to antfennas, from antennas to receiving equipment, and from 
point to point for rebroadcasting purposes in intercity networks. In 
addition, they are used as resonant circuit elements at the very high and 
ultra-high frequencies. 

Situations may exist where the length of line is either greater than, 
equal to, or less than a wavelength of the carrier-signal frequency involved 
as given by 

X = j (10-106) 

» j. o. Strutt, and A. Van der Zeil, Methods for the Compensation of the Effects 
of Different Types of Shot-effect in Electronic Valves and Attached Circuits. Physics, 
January, 1941, pp. 1-22. 


E*(R.R e y + E,' , {R < Rs)' t + EeHRiR.y 


(10-105) 
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2b 


where v is the velocity of propagation in the medium (somewhere near the 
velocity of light, c = 3 X 10 s m/sec). 

The important parameters of a trans¬ 
mission line are its series inductance L 
per unit length, its shunt capacitance C 
per unit length, its series resistance R 
per unit length, and its shunt conductance 
G per unit length. 

Two important transmission-line con¬ 
figurations are the parallel wire line as 
shown in Fig. 10-69a and the coaxial line 
shown in Fig. 10-696. For the parallel 


~f^2b 

(a) Parallel wire transmission line 




~^b 


(6) Co-axial transmission line 

Fig. 10-69. Common transmis¬ 
sion-line configurations. 


line, the inductance and capacitance are given by 


2 a 


C log (2a/b) 

and for the coaxial line by 


L = 0.92lA: m log X 10“ 6 henry/m 

0 . 120 &, 


X 10 _,0 farad/m 


(10-107) 

(10-108) 


L = 0.460A;, log £ X 10- 1# henry/m (10-109) 

C = x 10-'° farad/m (10-110) 

log (a/b) 


where k t is the specific dielectric constant and k m the specific permeability 
of the medium. 

The general properties of transmission lines may be deduced from the 
solution of the basic differential equations. 1 The differential equations 
for voltage and current along a line are 



a? - ^ 

(10-111) 


dn - v’l 
dx 2 r 

(10-112) 

where 

y = V(R + j"L)((J + j»C) 

(10-113) 

Solutions are 

of the form 



E(x) = Kj^ 1 -f K 2 t—r* 

I(x) = Kje TI + Kit -- " 

(10-114; 

(10-115) 


where Kj, K 2 , K a , and K« are functions of the end conditions of the line. 

> Formulation and solution of the transmission-line equations and the development 
of general transmission-line theory may be found in many textbooks; see, for example, 
W. R. LePage, and S. Seely, "General Network Analysis," Chaps. 9 and 10, McGraw- 
Hill Book Company, Inc., New York, 1962. 
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The quantity y is known as the propagation function and may be 
expressed in the form 

y •— a j& 

where 


(10-116) 


RG - <xrLC + VlR 2 + «*L*)(G* + c o 2 Cf) 

2 


(10-117) 


= J -(flg ~ <**LC) 4- + co»L»)(G 2 + u 2 C 2 ) (10 _ n8) 

10-24. The Infinite Line and Properly Terminated Finite Line. If 

an infinite line, with a voltage source at the sending end and the other 



(a) Infinite line with section, /,. designated 





(6) Finite line terminated in characteristic impedance 
Fig. 10-70. The infinite line and terminated finite line. 


end unterminated, is considered, the constants Ki and K 8 must be zero; so 

E(.r) = K 2 £ -t* (10-119) 

I(j-) = K 4 e-^ (10-120) 


The relationship between K 2 and K 4 can be found to be 



R + j*L v 
G + j<*C 4 


( 10 - 121 ) 


From this relation, if the ratio of voltage to current at any point along 
the line is taken, it is found fr'-m Eqs. (10-1 IS), (10-119), and (10-121) 


to be 


E ( x) _ fR -f- juL 
ICr) - “ \G +ju>C 


( 10 - 122 ) 


It is convenient to define this relation as the characteristic impe/iancc of 
the line Z 0 , expressed as 



R + juL 

G ■+• juC 


(10-123) 


This is the impedance looking into the Ikie at any point along the line 
If a finite length h is part of an infinite line as shown in Fig. V.', 70 
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the impedance looking into the line from the generator is Z 0 . If the por¬ 
tion of the infinite line UtoU is removed, the portion removed is still 
infinite and as far as the impedance at the generator is concerned, the 
line which is removed may be replaced by its characteristic impedance 
Z 0 as shown in Fig. 10-706. 

The general equations for the infinite line after evaluation of K, and 
K 2 may be written as 

E(x) = (10-124) 

I(x) = (10-125) 

Since the excitation is sinusoidal, i.e., 

e, = \/2 E. sin t ot (10-126) 

then 

e(x,l) = \/2 E.t~ aI sin (ut — d-r) (10-127) 

From this equation, for various values of * along the line, the voltage 
is sinusoidal but is attenuated an amount determined by a, with the rela 
live phase at each value of * determined by 0. Thus, the quantity a u 



p. = \/2 E. sin ut. 


termed the attenuation function and the quantity 0 the phase function. 
The voltage e(/; at various positions along the line is plotted in Fig. 10-71. 
One wavelength at the frequency of excitation is 

xx = j (10-128) 


The velocity of propagation along the line, of one point on the incident 
wave, therefore may be expressed in the forms 

v = fX 


~f 
0 J 


(10-129) 



v 
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The variation of voltage with distance for various values of time may 
be shown by rearranging Eq. (10-127) to give 

e(x,t) = — y/2 E,*-** sin (10-130) 

The results for variois values of t are plotted in Fig. 10-72. 



Fio. 10-72. Variation of voltage along transmission line with distance from source for 
various values of time. 




16 ) Finite driving source and terminating impedances 
Fig. 10-73. The finite transmission line. 


10-25. The General Finite Line. A transmission line of finite length 
l, with sending and receiving end voltages and currents, is shown in Fig. 
10-73a. The voltage and current at any distance y from the right end 
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If the line is terminated in an impedance Zr, the quantity r« reduces to 

Zr — Zo 


Yr = 


Zr + Z 


(10-136) 


If a finite line connected to a load impedance Z« is fed from a source E, 
with internal impedance Z, as shown in Fig. 10-73 b, the voltage and cur¬ 
rent at any distance x from the source are given by 


E(x) = 

I(x) = 


E.Z 




where 


Zo -r Z, 
E, 

Zo -b Z, 


r, = 


l + r*«-* r <f -» ) 
) - r*r.< 


-2 ->1 


t ~r' - 


i - 

l - r*r.«- 2 * 


(10-137) 

(10-138) 


Z, - Zo 
Z. 4- Zo 


(10-139) 


Equation (10-137) can be expressed in series form as 

E.Zo 


E(x) = 


z ( € -r* + r w <-T< 2 '"> + r«r.e-T< a -*-) 

+ ivr.«-* <4| - jr) + r« 8 r.v-* (4,+ * ) + • • •) (10-140) 

The first term represents the original wave attenuated by the factor 
and shifted in phase by -0x. The second term represents the incident 
wave attenuated by the factor r*«-" (2/ - z) and shifted in phase by the fac¬ 
tor -0(2 1 - x). This term may be identified as being represented by a 
traveling wave starting from the source, tra\eling to the end of the line, 
being partially reflected if r* is of finite value, and traveling back along 

the line to the point x. 

Thus the potential can be represented by a sum of traveling waves 
made up of components which have traveled back and forth along the 
line from end to end. The magnitude of each reflected component at 
the receiving end is determined by the value of T*; these factors are 
known as receiving-end reflection coefficient and sending-end reflection 
coefficient , respectively. If Z, = Z« — Zo, r« — 0, and r. = 0, there 
are no reflections and 


E ‘ “ T 

If Z, = Zo l>ut Z* ^ Zo, 

e, = («-" + r 

and there is only one reflected wave. If Z. ^ Z 0 but Z r 

E.Zo 


(10-141) 


(10-142) 


- e. o, 


E, = 


Zo *+• Z. 


(10-143) 


and again there are no reflections. 
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The results of Eq. (10-140) may be thought of as representing two 
traveling waves, one made up of all components traveling to the left and 
the other of all terms traveling to the right. 

If a plot is made of E tm , along the line as a function of x, the result 

would be a variation of E as a function 
of distance going through successive 
points of maxima and minima as shown 
in Fig. 10-74. The values of E mia and 
E ni%x are functions of the propagation 
function and the terminations. The 
value given by the ratio of E inxx /E m , a 
is known as the voltage standing-wave ratio (VSWR), 

P = (10-144) 

^ m>n 

The impedance looking into a line at any point is the ratio of E(x) or 
E(y) to I(x) or I(y), which can be found from Eq. (10-131) and 

e yV _L 

z (v) = (10-145) 

If the line is open-circuited at the receiving end, this becomes 

Z(y) oc = Z 0 coth yy (10-146) 

and if short-circuited is 

Z (y), c = Z 0 tanh xy (10-147) 



Fig. 10-74. Section of line with 
standing wave of voltage. 


10-26. The Dissipationless Line. The general characteristics of trans¬ 
mission lines may be understood by considering the simplified case of the 
dissipation-free line, for which R = 0 and G = 0. From this case, many 
useful properties may be readily deduced. 

From Eq. (10-117), (10-118),' and (10-122) 

V=Ivlc < 10 - 148 ) 

and from Eq. (10-123) 



(10-149) 


Since a = 0, there is no attenuation, and for the infinite line with sinus¬ 
oidal excitation 

c(x,t) = y/2E, sin [u>(f — \/LCx)] (10-150) 

From Eq-. (10-122), one wavelength is 2tt//3; so 



a) y/LC 


(10-151) 
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and the velocity of propagation is 

„ = - 1 — 00-152) 

y/LC 

The time required for a signal to propagate a distance x along th ' line is 

Td = x y/LC ( 10 - 153 ) 

These equations indicate the use of a transmission-line section as a 
delay line for delaying the time of occurrence of pulses a specific amount. 
It is seen that, for the lossless line, the characteristic impedance and the 
propagation function are independent of frequency; hence, the time delay 
is the same for all frequencies. A section of transmission line terminated 
in its characteristic impedance can be used to delay a train of pulses, as 

shown in Fig. 10-75a. 


JUUUL 

i r rf =xVZZ 

(a) Actual line as delay line 




r d - nVlA 

lb) Lumped constant equivalent 
Fio. 10-75. Transmission lines ns delay linns. 


Such a delay line is often approximated by a lumped-constant network 
as shown in Fig. 10-755, although a more complicated structure would 
have to be used in order to approximate the linear phase characteristic 

of the lossless line over a wide frequency range. 

In the lumped-constant case, the total time delay is the delay per sec¬ 
tion multiplied by the number of sections, i.c., 


Td = n y/LiCx 


( 10 - 151 ) 


The standing-wave ratio for the distortionless line is 

p = j-± j[ j (10-155) 

In general, IV my be expressed as 

r* = IV 


(10-156) 
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V ~ * 

V + 1 


(10-157) 


The value of y m , the distance from the termination to E mia , is given by 



(10-158) 



as illustrated in Fig. 10-76, from 
which 

X 


d 


-o 


- l 


) 


(10-159) 


Thus, from measurement of the 
standing-wave ratio, the termination 
impedance can be calculated to be 


Fig. 10-76. Data from which reflection 
coefficient and terminating impedance 
can be found. 


z* = z 


(1 + r*) 


(10-160) 


(i - r«) 

from the foregoing equations. 

The impedance looking into the distortionless lines at any point along 
the line a distance y from the termination as shown in Fig. 10-77o is, 
from Eq. (10-145) with a = 0, 


Z(v \ = 


(10-161) 


which can also be expressed as 

1 -f 


z (y) = 


l - r&-***• 



(10-162) (a) Impedance looking into terminated line 


If the line is short-circuited as shown 
in Fig. 10-776, the reflection coeffi¬ 
cient is T« = —1 and Eq. (10-161) 
reduces to 

Z (y).c = jZo tan 0y (10-163) 

and if the line is open-circuited, 
r« = +1 and 

Z(y) oe = — jZoCotfiy (10-164) 
These equations may be written as 



(6) Impedance looking into shorted line 


Z <»oc 


(c) Impedance looking into open circuit line 

Fig. 10-77. Driving-point impedances 
of terminated, short-circuit, and open- 
circuit lines. 


Z{y),c = jZ o tan —y (10-165) 

Z(t/)oe = —jZ { cot ~y (10-166) 
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10-27. Transmission Lines for Video Signals. For the transmission 
of video signals (a few cycles per second to several megacycles) from 
point to point, as from the camera to the control equipment, or from the 
control equipment to the transmitter, flexible coaxial cable offers roughly 
the proper characteristics. These coaxial lines are of dimensions to have 
characteristic impedances on the order of 50 to 100 ohms and capaci¬ 
tances of 10 to 30 /i/if/ft. Some of these lines are also suitable for the 
transmission of modulated carrier signals at vhf and uhf. 

For video applications, the cable is terminated in essentially a pure 
resistance equal to the nominal value of characteristic impedance. This 
is satisfactory for short lengths (up to several hundred feet). However, 
for very long runs, this provides improper termination, partly because of 
the 1-f characteristics of the cable. 

The characteristic impedance as given by Eq. (10-123) is a pure resist¬ 
ance only if the line is distortionless in which case Eq. (-10-123) reduces 
to that of Eq. (10-149), or if 

R _ G 
L C 


This latter condition requires dimensions which are not readily obtain¬ 
able. Furthermore, both R and G are functions of frequency. In some 
coaxial cable, G is negligible in comparison with «C, and Z 0 given by 
Eq. (10-123) reduces to the form 

Z 0 = Ro +jX o (10-107) 

where _ 

*•-<>/? W 1 + (10 ' 1G8) 

Xo = - yjfi - 2 2 + '<0*17* (10-109) 


Thus, at low frequencies there is a capacitive reactance component 
of Z 0 which approaches the size of the resistive component as the fre¬ 
quency approaches zero, and both components increase as the frequency 
decreases. As the frequency is increased, the reactive term approaches 
zero and the characteristic impedance becomes a pure resistance. 

The 1-f characteristic impedance of typical cable is shown in Fig. 10-78. 
This takes into account the fact that R is a function of frequency. 

Usually the reactive component of Z 0 i6 ignored and a video cable ter¬ 
minated in the nominal resistive value of Z 0 . However, if long runs are 
used (1,000 ft or more), it may be necessary to modify the terminating 
impedance at either sending or receiving end to prevent unequal attenua¬ 
tion of the 1-f components. 

Even when the line is properly terminated, the losses increase with fre- 
auency since a is a function of frequency in a complicated fashion which 
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Fio. 10-78. Low-frequency characteristics of typical cable. (Courtesy of R. M. Soria 
American Phenolic Corp .) 



Fio. 10-79. Attenuation of coaxial cable as a function of frequency 
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Frequency, Me 

(a) Power loss characteristic 



Frequency, Me 


( b) Power rating 


Fig. 10-80. Logger* and power rating* of coaxial cable. (Courtesy of Phelps Dodye 
Copper Products Corp.) 
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depends upon the variation of R with frequency. Typical attenuation 
curves are shown in Fig. 10-79. For long lengths, it is necessary to pro¬ 
vide equalization for this h-f loss. 

10-28. Transmission Lines for R-F Signals. Coaxial cable is used 
for transmitting video-modulated r-f signals, such as from transmitter to 




antenna and from receiving antenna to receiver input. However, for 
receivers, 300-ohm parallel wire line is more common; for lines from 
transmitter to antenna, an air-dielectric rigid or semiflexible coaxial cable 
is usually employed, the size depending upon the losses which can be 
tolerated. An example of losses and power rating of a particular cable 

is shown in Fig. 10-80. _ 

10-29. Transmission Lines as Circuit Elements at UHF. The plots of 
impedance as a function of length for both the open- and short-circuited 
dissipationless lines are shown in Fig. 10-81. Examination shows that 
the short-circuited line has characteristics similar to those of a parallel 
resonant circuit of infinite Q at a length of X/4 and odd multiples thereof 
as illustrated in Fig. 10-82, like an inductance at less than these critical 
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values, and like a capacitance at greater than these values. These appar¬ 
ent inductances and capacitances are functions of frequency described by 
Eq. (10-165). At multiples of A/2, the line appears as a short circuit. 

The open-circuit line appears as a resonant tuned circuit at odd mul¬ 
tiples of half a wavelength as shown in Fig. 10-826. Thus, the dissipa¬ 
tionless line can be made to simulate any value of reactive impedance, 
and at uhf can substitute for lumped-constant tuned circuits where pure 
circuit elements cannot be isolated. 



(ft) Open circuit line 

Fio. 10-82. Open- and short-circuited lines as circuit elements. 


Actually, a lossless line cannot be realized any more than can a lumped- 
constant tuned circuit with infinite Q. In order to obtain a closer approx¬ 
imation to the actual impedance of the quarter-wave short-circuited line, 
Eq. (10-147) may be written in the form 


'/AD, 

r/ sinh al cos pi 4- j cosh al sin pi 
,c '° cosh al cos pi + j sinh al sin pi 

(10-170) 

For a line length l 

= A/4, 




* (a. - 

r, eosll al 
sinh al 

(10-171) 



Zo 




tunh al 


which, for small \ a 

lues of «, is 





~ ?! 
it al 

(10 172) 

If ioL » li and (j is 

negligible, 




~ H 1 
a ~2\j 

1C R 

L 2Z 0 

(10-1731 

and 

•ex 

2Z 0 2 

HI 

(10-174) 
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As in a single-tuned circuit, the Q of the resonant line may be writ¬ 
ten as 


Q - f° 

W A/ 

(10-175) 

where fo is the resonant frequency and Af is the spacing between points 
at which the impedance is 70.7 per cent of the resonant value. This can 
be shown to be, for high-Q circuits, 


(10-176) 

or 


0-T 

(10-177) 


The same value would be obtained for the open-circuit half-wave line. 

Termination in Finite Resistance. The impedance looking into a 
length l of a distortionless line terminated in impedance Z may be 
deduced from Eq. (10-162) and Eq. (10-156) to be 



1 + ^ 

1 - r 0 


(10-178) 


If Z 0 is a pure resistance R 0 and the termination is a pure resistance 
with R < Ro, the input impedance is a minimum and is a real number 
when sin 2/3Z = 0 and 

? _ 

1 ~ ~2 


i.e., when the length is a multiple of half a wavelength. 

Under such conditions, the receiving-end current and voltage are 
given by 


, = 2 E(l) _ 1 __ 

R R 4- R 0 (1 + r«) cos kt 


(10-179) 


where 



R - Ro 
R -{- Ro 


The receiving-end voltage is 

Er — I rR 


(10-180) 


The magnitude of voltage and current along the line may be expressed by 

E(y) = Ir(R £ R ° - yj 1 + r * J + 21 ’« ‘- os X y (10-181) 

and 


/(//) = 


Ir{R 


l + Ro) I * # , 

2Ro~yJ + 


r« 2 - 2r« cos y 

A 


These quantities are plotted in Fig. 10-83 for a half-wave line. 


(10-182) 
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Such a half-wave line appears resistive at half a wavelength and reac¬ 
tive at other frequencies. However, it presents a lower Q and further¬ 
more can be used as an impedance-matching element. 



Fio. 10-83. Voltage and current along a Fig. 10-84. Current and voltage along 
half-wave line terminated in a resistance a A/4 line terminated in a resistance 

R < Ro. R > 


The impedance looking into any point along the line is 

1 1 + IV + 2r« cos — y 

Z(y) = Ro /-7— (10-183) 

yj 1 + IV - 2r« cos Y y 

If the line is terminated in a resistance R > R 0 , it can similarly be 
shown that for the impedance to be a minimum and the current to be a 
maximum 

l = (2n -f 1)^ (10-184) 


i.e., the length is an odd multiple of a quarter wavelength. 

The voltage and current distribution as shown in Fig. 10-84 can be 
plotted from _ 


and 


E v = + IV + 2I'« cos y y 

_ UK + «,) jr+ IV - 2r , cos *r „ 


(10-185) 


The current at the receiving end is 


In = 


2 E(l) 


(10-180) 


" TT+TTo (l - IV ' 7 I_ 

Termination with RC Load. Con- F, °‘ ,MS - Linc tcrmin “ ,cd in RC lo ‘ d - 
sider a line of length l terminated in a parallel RC circuit as shown in 
Fig. 10-85. The impedance as given by Eq. (10-178) is resistive when 

261 - 0 = (2n)x 


(10-187' 
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or when the line length is 


The components of r* are 




and 


6 = tan~ l 


l = 1 

i 

* 


(10-188) 

(Or- 

- Ro) 2 + o) 2 R 2 Ro 2 C 2 

(10-189) 

( R 4- Ro) 2 4- w'R'RJC 2 

1 

-u)2R 2 R 0 C 

(10-190) 

R 2 

- Ro 2 - o) 2 R 2 Ro 2 C 2 


If C is small and R < R o, the angle 0 is positive and small and the 

0 X . 

length of line should he greater than half a wavelength by " 2 * n or ^ er to 

behave as a half-wave line with resistive termination. 

If R > Ro and C small, 6 is negative and a small angle. If the line 
length is chosen such that 

201 - 0 = (2 n + 1)tt (10-191) 

or 


l 


= (2 n 


+ 1 ) + 


0 ] - 

7T 4 


(10-192) 


the length can be shorter than a quarter wavelength by an amount 

0 x 

-- — ■ • 

TT 4 

Thus, a line can be tuned exactly to quarter-wave resonance by a 
capacitance. 

Termination with Pure Capacitance. A distortionless line terminated 
in a pure capacitance has a reflection coefficient at the receiving end 
defined by 


J 


(T- co*/?o*C*)* 4- 4u> 2 fto 2 C 2 


0 = tan 


If Z(l) is to be resistive 


l 


1 + o 2 

— 2u) RqC 

1 - u) 2 R 0 *C 2 


- (-+1) 5 


(10-193) 

(10-194) 


(10-195) 


When 6 is negative, / should be less than half a wavelength. If 


1 - <o*R 0 K'* = 0 
0 = -90° 


and 


*=( 2 "-04 


(10-19G) 
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which for n = 1 would be a line of 

, X _ X 
2 8 

Such a line would represent infinite impedance at a wavelength X. 

The foregoing discussion has shown how transmission lines might be 
used as circuit elements. A transmission-line embodiment of a parallel 
resonant circuit might be tuned to resonance by the variable shorting 
bar as shown in Fig. 10-86a or by the capacitance shown in Fig. 10-8G6. 






* 


-r 

(a) Shorting bar 


h—'<r —H 

(6) Capacitance 

_ Li 

1 * 

<£> $ 

oi-H 


h — ;> t — ^ 

R<R 0 


R> R 0 

(c) Capacitance with 

Id) Capacitance with 

impedance matching 

impedance matching 



T 10 T ~*r~ 4 t0 7 —n 

^ 4 — 

- V i 

^4 — □ 





(*) Center fed line for simu- (/, Also simulating tuned 

latmg tuned circuit circuit 

Fio. 10-80. Tuning of transmiauion-line c ircuit elements. 

How a line might be tuned to give a particular value of impedance by a 
reactive load is shown in Fig. 10-86c and d. 

A center-feed line can be used to simulate a tuned circuit as shown in 
Fig. 10-80r and /. 

Indticlive Coupling. Where it in desired to couple energy from one cir 
cuit to another, as in the 1-f double-tuned coupled circuit, similar results 
can be obtained with transmission-line coupling. Consider the half-wave 
line shown in Fig. 10-87a. If the voltage is inserted directly the imped 
ance looking into the line is a minimum, the current in R is a maximum 
and the voltage and current distribution are as shown in Fig 10 81 

If the voltage is not coupled directly but is inductively coupled from 
some primary source as shown in Fig. 10-871,, a condition can be obtained 
whereby the secondary circuit couples an impedance into the nrim • 
cuit, and can be adjusted to give the overoouplcd type of relpoTe ^he 
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. 

exact amount of energy transfer and the voltage and current distribu¬ 
tion along the primary and secondary lines depend .upon the length 
of the lines, manner of termination, and the length of line over which 
mutual coupling exists and can only be obtained from a complete solu¬ 
tion of the electromagnetic-field configuration. Many combinations are 

possible, depending on the-desired 


R<Ro 



(a) Voltage and current distribution in half 
wave line (line fed directly) 



(6) One form of inductive coupling 



(c) Alternate form of tuning 
Fig. 10-87. Transmission-line tuning with 
inductive coupling. 


condition. One of the many pos¬ 
sible arrangements is shown in Fig. 
10-87c, in which a line is tuned to 
half-wave resonance with the load 
circuit on one end and the tuning 
circuit on the opposite. 

Lines as Impedance Transformers. 
The impedance looking into a dis¬ 
tortionless line of length l may be 
expressed in the form 

cos 01 -J- j(R 0 /Z a ) sin 01 
~ * cos 01j(Z*/R 0 ) sin 01 

(10-197) 

If the line is X/4, then 

Z(l) = ~ (10-198) 

&R 


Thus, the quarter-wave line is an impedance transformer and can be 
used to connect different elements of line having different impedances 
together. 

Various combinations of lines can be used as impedance-matching ele¬ 
ments. For example, if it is required that the internal impedance of a 


generator Z„ be matched to an 
impedance Z s through a section of 
line of characteristic impedance Z 0 , 
it may be done by means of the 
short-circuited stub as shown in 
Fig. 10-88. The lengths of lines 
can be deduced from the general 
theory. The range of impedances 
which can be matched is somewhat 
restricted. 



Fig. 10-88. Impedance transformation by 
stub matching. 


Another example is the double-stub tuner shown in Fig. 10-89. Here 


the line length U is fixed, and l a and l b are adjustable. 

10-30. Waveguides and Resonant Cavities. Hollow pipes of circular 
or rectangular cross section may be used in place of the two-conductor 
transmission line for the transmission of power at uhf. They function 
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h 



Fig. 10-89. Double-stub tuner for impedance jnntrhing. 



(fc) Field distribution 

Fig. 10-90. Rectangular waveguide and field diatribution for TE| |0 node. 

as bandpass circuits having an l-f cutoff determined by their dimensions. 
Where sufficiently high frequencies are approached so that tb ‘ radiation 
from open parallel lines becomes objectionable and the attenuation for 
both open and coaxial lines becomes high, the hollow waveguide, by 
which energy is propagated through the space enclosed and confined by 
the walls of the guide, may be used. 1 

» For more detailed background on guided waves and resonant cavities, a number of 
textbooks on electromagnetic field theory are available. See, for example, Simon 
Kamo, and John Whinnery, "Fields and Waves in Modern Radio” 2d ed. John 
Wiley & Sons, Inc., New York, 1953. 
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Energy is propagated along a waveguide by virtue of the fact that 
mutually perpendicular electric and magnetic fields can be established 
somewhere in the guide by some exciting source. These fields may be of 



(a) Resonator (6) Field configuration 


Fig. 10-91. Rectangular cavity resonator. 

several configurations, the most important one for the rectangular guide 
of Fig. 10-90a being the one shown in Fig. 10-906, which is referred to as 
the TEi.o mode. The wavelength corresponding to the lowest frequency 

of propagation of the TEi.o mode (i.e., the cutoff 
frequency) is given by 

K = 2 a (10-199) 

Just as sections of transmission line function in 
a manner similar to resonant-circuit elements at 
frequencies where lumped-circuit concepts are no 
longer valid, hollow enclosed structures known 
as resonant cavities, in their simplest form of short- 
circuited sections of waveguide, behave as 
resonant-circuit elements at frequencies where 
the dimensions of all circuit elements, as com¬ 
pared with a wavelength, make radiation from 
transmission-line elements objectionable. 

A rectangular hollow-box resonator with di- 
Fia. 10 92. Cylindrical mensions shown in Fig. 10-9 la, such dimensions 
resonator and the TMo.i ^ fo c j n g compared with those of the waveguide 

mode - of Fig. 10-90 as set up to propagate a TEi.o wave 

along the waveguide, would give rise to a standing-wave pattern where 
d is a half wavelength in terms of the phase velocity in the guide. The 
electric- and magnetic-field configurations are shown in Fig. 10-916. 

The cylindrical resonator and its dominant mode are shown in 

Fig. 10-92. 














SIGNAL-CIRCUIT PROBLEMS AND TECHNIQUES 

The effective Q of a cavity resonator may be expressed as 

_ o p,10r Ky stored in circuit 
energy lost per cycle 


;<;i 


( 10 - 200 ) 


The energy lost is due to the finite conductivity of the walls and is pro¬ 
portional to the area, whereas the energy stored is proportional to the 
volume. 

A basic problem is that of exciting a useful mode in a resonant-cavity 
structure. A particularly useful class of resonator would be one in which 



Fig. 10-1)3. Example of reentrant cavity with electron-beam excitation. 


the region of maximum field intensity appears across a abort gap. In 
this situation, a useful mode might be set up by a beam of electrons pass¬ 
ing across the gap in some sort of velocity-modulated device, as shown in 
Fig. 10-93. Other means of excitation 
are the introduction of a probe driven 
by a transmission line in the guide in 
the direction of the desired electric field 
or the introduction of a conducting loop 
with its plane normal to the desired 



magnetic field. Such methods may 
also be used to extract power from 
I he cavity. 

The similarity between resonant cav¬ 
ities and transmission-line elements is 
illustrated by Fig. 10-94. The config¬ 
uration can be considered either as 
reentrant cavity or as a coaxial line 
short-circuited at one end in quarter- 
wave resonance, with the other end 
open except for the capacitance be¬ 



I'lo. 10-94. Reentrant cavities as 
foreshortened coaxial or radial lines. 


tween the end of the inner and outer conductor. 


Excitation can be supplied by introduction of an r-f voltage across the 
short gap. This might, for example, be part of the grid-plate circuit of 
a grounded-grid amplifier using a coaxial-type tube. 







CHAPTER 11 

* 

SCANNING CIRCUITS 


Scanning of the mosaic or target of a pickup tube or the phosphor of 
a picture tube by an electron beam requires the generation of voltages or 
currents necessary to produce the proper electric or magnetic fields. In 
the case of linear scanning, approximately saw-tooth waveforms of volt¬ 
age or current are required. By making use of a clamping circuit, these 
waveforms may be generated at a low level and amplified before being 
applied to the deflection system, or they may be generated directly at a 
high level, the proper waveform being obtained with the aid of feedback 

circuits. 

11-1. Generation of Saw-tooth Voltage Waveforms. Linear electro¬ 
static deflection of electron beams requires approximately linear saw¬ 
tooth waveforms of voltage applied to the deflection plates of the electro¬ 
static system. These waveforms may be approximated by the charging 
of a capacitor through a resistor R , the charging being interrupted peri¬ 
odically by the clamp circuit, as illustrated by Fig. 11-la*. 

During the time the clamping voltage waveform is positive, the clamp 
is closed and the capacitor C, which has previously been charging toward 
Em, now discharges to ground through the clamp resistance R e . At the 
end of the pulse, the clamp opens and C charges through R toward Em 
until it is again interrupted by the closing of the clamp. The equiva¬ 
lent. circuit during the discharge time is shown in Fig. 11-lb. 

If the charge-discharge cycle takes place between the limits and Et, 
as shown, the equation of voltage across C during the charging time is 

Cbi = Em - (Em - E t )e-'"‘ c (H-l) 

and if R is much greater than R c , the voltage during the discharge time 
may be written as 

e bt = Eie- , ' /,t ‘ c R » Rc (H-2) 


If Ti represents the charging period and T 2 represents the discharge 
period, the potentials E 2 and E , may be found from Eqs. (11-1) and 

(11-2) to be 



£«,(! - € -< t ‘ / " c >) 


_ e -(ri/*«c+ri/ftO) 


n'Tn 


(11-3) 


SCANNING CIRCUITS 


373 


and 



Eu>(l - e -^./«c)) e -(r^«c, 

j __ e -(r*/«,c+Ti///c) 


(11-4) 


It is desirable that the clamp resistance be as small as possible (by 
driving the grid to diode line operation with the clamping pulses) and 





(a) Clamp circuit and resultant waveforms 



(6) Equivalent circuit during discharge time 




(c) Equivalent circuit during charging time 
Ho. 11-1. Use of damp tube as saw-tooth generator. 

that the allowable clamping time be as long as possible. These condi¬ 
tions make E\ low, which allows the charging rate to be more linear by 
making the charging voltage as large as possible. The wave¬ 

form thus generated is a good approximation of a saw tooth provided the 
time constant HC is much greater than the charging period T u since the 
first part of an exponental charging curve is essentially linear. 

Either positive or negative voltage waveforms may be generated. If a 
negative saw tooth is desired, the potential Eu, should be negative and 
a type of ciamp used which permits negative-going waveforms. 

The saw-tooth waveform generated in this fashion may be applied to 
the grids of a push-pull amplifier which drives the deflection plates of a 
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cathode-ray tube. A common form of such an amplifier is the cathode- 
coupled stage with equal plate-load resistors in the two stages. Analy¬ 
sis of the circuit of Fig. 10-136 shows that the unbalance in the outputs 
of the two stages is small if Ilk can be made reasonably high. Another 
form of push-pull output stage is the feedback amplifier of Fig. 10-196 
driven by another amplifier as shown in Fig. 11-2. 

It is not, in general, worthwhile to obtain the exact solution of this 
circuit because of variations in parameters due to tolerances on tubes, 


Di 

D 2 


Ecc2 


(a) Actual circuit 




GE, 2 

(b) Approximate low frequency equivalent circuit 
Fig. 11-2. Balanced push-pull deflection circuit. 

circuits, components, etc. However, if R a and R b are both large com¬ 
pared with Rt .i and R L2 , R m = R L 2 = Ri. and identical tubes are used, 
the 1-f equivalent circuit of Fig. 11-26 applies. The output voltage of 
each tube is given by E p2 = —GE g2 = — E p i. The condition for bal¬ 
anced outputs is 

i-(G — 1) = i- (G r + i) + 1 (11.5) 

/to /£& 3 



For the special case in which R 3 is large compared with R a and R b , the 


above equation reduces to 


R a G - 1 
R h G + 1 


( 11 - 6 ) 


The input stage of this amplifier is the standard resistance-loaded pen¬ 
tode amplifier stage and is subject to the usual nonlinear distortion which 
is obtained when driving the stage over most of its dynamic range. Any 
nonlinearity which appears in the output of this stage should appear in 
about the same form in the output of the second stage, the second stage 
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contributing not a great deal of nonlinearity itself. This condition 
results from the feedback properties of the amplifier. As a matter of 
fact, any distortion introduced due to an insufficient time constant R v (\ 
in the grid circuit would be partially corrected for, since this time con¬ 
stant is within the feedback loop. 

The h-f performance of the amplifier 
is determined by the total shunt ca¬ 
pacitance loading both of the stages. 

The capacitive-loading effect is 
equalized for the two stages in prac¬ 
tice by the two small capacitors C a 
and C b , which tend to prevent a loss 
in h-f voltage components reaching 
the grid of the second stage. 

11-2. Capacitive-loading Effects 
on Saw-tooth Amplifiers. The usual 
amplifier driving a cathode-ray-tube 
deflection plate may be reduced to 
one of the equivalent circuits of Fig. 

11-3, where C is the total effective 
shunt capacitance across the total 
effective resistance in the circuit. 

It is desired to find the response to 
the recurrent waveform at the input terminals as shown in Fig. 11-4. If 
the input voltage c x (t x ) is impressed at t x = 0, the transform equation is 

*(•> - (" + a) 'M + -f (11-7, 

where 



which is the output voltage across C at the time the voltage is applied 



The voltage across C at any time subsequent to t x = 0 may he 
expressed by 

*•(*) = /(*) + K °' 



(a) Actual circuit 


CT 


R 

■Wv 


R 


R 


r P R L 


r p+ R L 


E~g m E t R 
R 


r P R L 


r p+ R L 

(u) Equivalent circuits 

Fig. 1 l-T Driving circuit for deflection 
plates. 


(11-S' 
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Combination of Eqs. (11-7) and (11-8) yields 

1 E(s) . Eoi 


EM = 


4* 


RCs+ (1 /RC) ' s+ 1 IRC 


(H-9) 


The input saw-tooth waveform 

*(<.) - 

has the transform 

- ft 

which when used in Eq. (11-9) yields 

. E m /T x 


( 11 - 10 ) 


( 11 - 11 ) 


EM = 


+ 


E 


01 


RCs*[s + (1/720)1 ' s + (1 /RC) 
Solution for the inverse transform yields 

<■<(/,) «C( 1 - «-<■"«)] + E ai( -^c 

1 1 


( 11 - 12 ) 


(11-13) 


The resultant waveform depends upon the value of E ox and appears in 

Fig. 11-5 for various values of Eoi. 

At the end of the period T x of Fig. 11-4, 
the negative-going saw tooth is applied. 
The time t 2 is measured from this point as 
a reference. On this basis, the equation 
of this saw tooth is 



Fia. 11-5. Waveform across C 
resulting from linear voltage rise 
applied to series RC circuit for 
various values of initial voltage 
Eoi across C. 


8\{t 2 ) = E m — -~r ^2 

i 2 

which has the transform equation 


(11-14) 


#n 


E(s) — —_— 


(11-15) 


This equation when applied to the same network yields for the voltage 
across the capacitor as measured from the time of application 

e.(l,) = - f = [« - («C + l’,)(X - *-""*0] + '•* (11-16) 

The pair of general equations (11-13) and (11-16) are expressions for 
the complete period consisting of the positive-slope and negative-slope 
saw teeth. This pair of equations can be solved for the potentials at 
the beginnings and ends of the waveform. At the beginning of the posi¬ 
tive-going waveform, the voltage across the capacitor is E 0 1 = E x , and at 
the end, E 02 = E 2 . These points are shown on the resultant wave 

of Fig. 11-6. 
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The potential across the capacitor at the beginning of the positive¬ 
going saw tooth is 


E 


m 


E x = 


[-¥<- 


Ti//?C) e 


—Ti/HC 




1 _ e -Ti+Ti/«C 


(11-17) 


and at the end of the positive-going saw tooth is 


E 


= E„ [l - (1 - e - r '"" c )] 


1 ^ 


— Ti/itC 


(11-18) 


If the IiC time constant is sufficiently short compared with both 7\ 
and T 2t then, from Eq. (11-17), E i —♦ 0, and E 2 —> E m . If this condi¬ 
tion is not met, the output takes on the form shown in Fig. 11-7. The 



Fio. 11-6. Output waveform across C as a result of waveform of Fig. 11-4 applied to 
circuit of Fig. 11-3. 



Fio. 11-7. Output waveform for very large RC. 


end points E x and E 2 are calculated from Eqs. (11-17) and (11-18) and 
the forward and reverse saw-tooth waveforms plotted from Eqs. (11-13) 
and (11-16), respectively. 

It is seen that, for saw-tooth waveforms having a short time duration 
with a small percentage retrace time, the total shunt capacitance becomes 
a very important factor. If the waveform is to be accurately reproduced 
the C must be a minimum and the load resistance must be of sufficiently 
low \ .due so that the time constant is sufficiently short. This means 
that if extremely large deflection voltages must be generated, a power- 
output tube having large current-handling capabilities must be employed. 
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It is apparent from this that if electrostatic deflection is to be used at a 
horizontal scanning frequency, the requirements upon the driver tubes 
are much more stringent than in the field-frequency case. 

il-3. Generation of Linear-scanning Voltage Waveforms at High 
Level. An alternative to the generation of an approximately linear saw¬ 
tooth by using the first part of an exponential charging curve and then 



(6) A-c equivalent circuit 

Fio. 11-8. Feedback type of saw-tooth voltage generator. 


amplifying the resultant is that of generating the original saw' tooth at 
high level directly by certain types of feedback circuits. 

One of the feedback saw-tooth generators consists of a slight rearrange¬ 
ment of the charging circuit as shown in Fig. ll-8a, with the charging 
capacitor in the grid-plate circuit of the amplifier. Prior to opening of 
the clamp, the grid of the amplifier is near zero potential. Opening of 
the clamp is equivalent to suddenly impressing the potential Eu,, which 
is equivalent to suddenly applying the current E hb /R to the equivalent 
circuit of Fig. 11-86. The transform equation for the response may be 
written directly from this circuit and reduced to the following form, pro¬ 
vided that the clamp is sufficiently good to discharge C completely between 
charging cycles: 


EM = 


R'lE^s - (| gJC )] 


[R'l + 4" |$ d" 


1 


(11-19) 


+ R{ 1 -H g m R' L )]C 


The inverse transform is the resultant plate-voltage variation as a func- 
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tion of time and is 


c p (0 = -EuR'rfn + EuR^m + 




EuR'. 


R 1 + R(l + g m R 


1 ). 


_ i _ 

t RL' + Rd+OmRt'iC 

( 11 - 20 ) 


The plot of this equation shown in Fig. 11-9 indicates a small initial step 
of amplitude 


E*Ri 

R'l + R( 1 + 9-R'l) 

which starts from the initial value i? p0 , determined from the operating 
point of the tube, followed by an exponential decay which would reach a 



limiting amplitude of EbbR'rfm if it were not first limited by the extent of 
the dynamic range of the amplifier tube. 

If the approximation can be made that 

R{\ + » /(*;. 

and 

<JmR\. » 1 

then Eq. (11-20) reduces to the approximate form 

r p (t) = -EbbR'uymil - ( 11 - 21 ) 

This, as well as Eq (11-20), shows that the effect upon linearity of the 
charging curve corresponds to the apparent increase in available charg¬ 
ing voltage from Ey> to the value Eu,R'ijg mt which is approximately E u , 
multiplied by the gain of the stage. This proves that good linearity can 
be maintained over a much wider range than in the previously dcseribed 
case. 
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During the first portion of the charging curve 


1 - € 


and 


—t/RRL'OmC ~ t 

RR' L g m C 

(11-22) 

/ a\ Ebb t 

~ RC l 

(11-23) 


This equation shows that the resultant waveform, in addition to being 
essentially linear, is relatively independent of variations in amplifier- 
tube characteristics. This independence is a direct consequence of the 
nature of the feedback circuit. 



This circuit can be used as the first tube in the feedback push-pull cir¬ 
cuit of Fig. 1 l-2a, with a consequent improvement in linearity both from 
the standpoint of the charging curve and freedom from dependence upon 
tube characteristics, since both tubes now have the advantages of 
feedback. 

Another method of generating a high-level saw tooth is that shown in 
Fig. 11-10. As C starts to charge through the series combination of R 
and the diode resistance, the cathode of the cathode follower rises with 
it at nearly unity gain, if R k is sufficiently high. If C f is large, the cathode 
of the diode rises, thereby instantly cutting off the current in the diode. 
However, the charging current continues to be supplied by C f . If C/ is 
sufficiently large and if the gain of the cathode follower is almost unity, 
the charging current is essentially constant and the generated saw tooth 
is nearly linear. A sufficiently large saw tooth can be generated to sup¬ 
ply the deflection plate of a cathode-ray tube and can supply the input 
saw tooth for the feedback amplifier from which can be obtained the 
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opposite-polarity saw tooth as shown in Fig. 11-11. The complete cir¬ 
cuit including a centering arrangement is shown. 

11-4. Generation of Linear Current Waveform in Inductive Circuit. 
The deflection coil for magnetic deflec¬ 
tion for slow sweep speeds may be rep¬ 
resented ideally by the series RL circuit 
as indicated in Fig. ll-12a. 

The linear current 

»«.)=!?<. 0 <(,<?’, (11-24) 

1 (b) Series R-L circuit 



Cathode follower 



Fio. 11-11. Saw-tooth generator with 
amplifier for push-pull deflection system. 



(b) Input current 



(c) Required terminal voltage waveform 


Fio. 11-12. Voltage-current rela¬ 
tionships in initially relaxed RL 
circuit. 


shown in Fig. 11-126, to be generated in the initially relaxed circuit at 
time l = 0, has the transform 



(11-25) 


The transform of the required applied voltage is 

£(«) = (H + L.) 

I 1 s 

and has the inverse transform 



( 11 - 20 ) 

(11-27) 


which is shown in Fig. ll-12c. 

This equation shows that if a linear current, is required in an 
relaxed circuit comprising a series inductance and resistance, the 
terminal voltage is the sum of a step function and a saw tooth. 


initially 

required 
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Now, if the current in the inductance is not zero at the time of applica¬ 
tion of the voltage, 


e(h) = K(Rt x + L) 0 < h < Ti 
snown in Fig. 1 l-13a, the resultant current will be 

t(/i) = Kti + i(0)0 < h < T x 
where t(0) is the currei 

1 h 


(11-28) 


(11-29) 



(a) Applied voltage waveform 



t at the time of application of the voltage e(( x ). 

The form of this equation is plotted 
in Fig. 11-136 and shows a nonlin¬ 
earity similar to that for a voltage 
saw tooth applied to the resistive load 
with shunt capacitance. 

- Now, if at the end of the period 7\ 

the input waveform immediately 
drops to zero as shown, and time 
measured from this as a reference is t 2 , 

e(t 2 ) = 0 T x < it < T (11-30) 
and 

»■(<*) = i(T i)«-<" /L) *’ (11-31) 


HT X ) 


( b) Resultant current 

Fig. 11-13. Nonlinear current due to 
initial current in inductance. 


This equation is plotted through the 
interval T 2 , as shown in Fig. 11-136, 
and at the end of period T 2 , 

i(T 2 ) = i(Ti)«- < * /t,r * (11-32) 


In case the waveform is recurrent 
and stead}- state has been reached, 
the current at the end of interval T x may be written from Eq. (11-29), 


i(7\) = AT, + t*(7 , ,)«-<* , « r ‘ 


(11-33) 


since i(T 2 ) = 0) under steady-state conditions. 

Simultaneous solution of Eqs. (11-32) and (11-33) allows determination 
of the end points of the current excursions, and the general solution of 
Eqs. (11-29) and (11-31) allows the entire waveform to be plotted. 

If the impressed voltage waveform is changed by increasing the height 

of the step to , ' 

e(t) — i(0)R + kL + kRt v.H-34) 


the resultant current is 

i(t) = »*( 0) + kt <11-35) 

which is '.inear. This equation shows that current linearity may be 
obtained in spite of initial current flow, provided the amplitude of the 
step voltage input is increasea a sufficient amount. 
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Where t‘(0) arises from the fact that the waveform represented by 
Eq. (11-34) is recurrent at intervals of T, the initial and final values of 
i(t) in terms of the duration of the interval are 


m = 


and 


i(Ti) = 


1 __ f -(n/L)T t 


KTi 


(11-36) 


1 _ f -(n/L)T i 


(11-37) 


11-5. Generation of Required Trapezoidal Voltage Waveform. An 
approximation of the trapezoidal voltage waveform required to generate 
the linear saw tooth of current in the 
inductive circuit may be generated 
by the clamp circuit in conjunction 
with the exponential charging of a 
capacitance through a series resist¬ 
ance, as shown in Fig. 11-14. 

The potential at point A at time 
t = 0, upon release of the clamp, im¬ 
mediately jumps to the value 



E 


R 


A 0 


R i + Rt 


(Ebb ~ E e o) -f- E e o 


(11-38) 

where E t0 is the initial voltage across 

C. 

The current during the charging 
cycle is 

»(<) = ^ ~ t -i/(R»+n,)c (H-39) 

R i 

At any time t, 

e A = Ebb ~ iRi 01-40) 

and at the end of the period T i, 

E* - E^- (Etb - E A o)t~ T,/(M,+H,)C 

(11-41; 




ic) Equivalent circuit during charging time 




During the discharge time, C dis- ... - . . 
charges through the clamp resistance F ., " ^ ,rcuit dur,ng disch a f ge time 
in series with R t to the value E e0 . voltage wavefoTO™ 1100 ° f trapero,dal 
The exact equations of the charge-dis¬ 
charge cycle may be found from the equivalent circuits of Fig 11 14 
As for the case of the saw-tooth generator, for linearity it is desired that 



384 FUNDAMENTALS OF TELEVISION ENGINEERING 


C discharge through the clamp as rapidly as possible in order that point A 


be brought near ground potential 
within the discharge time. 

Trapezoidal sweeps generated at 
a low level may be linearized by 
the methods already discussed for 
saw-tooth waveforms. These in¬ 
clude the plate-to-grid feedback as 
shown in Fig. ll-loa. 

If the gain of the amplifier tube 
is high and R is sufficiently high, 
opening of the clamp is equivalent 
to suddenly impressing a step func¬ 
tion of current in the approximate 
equivalent circuit of Fig. 11-156. 
The current in the inductance can 
be shown to be a linear saw tooth 
if the following condition is met: 

{/"■__ 9mR 2 ~1~ 1 m 1-421 

+ 1) - g-L 




(b i Approximate equivalent circuit 

Fia. 11-15. Feedback type of current 
saw-tooth generator. 






(d) Push-pull sweeps with 
bifilar yoke winding 

Fig.. 11-16. Sweep circuits for vertical 
deflection. 
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If g m is sufficiently high, this reduces to the approximate relationship 



(11-43) 


as a condition for a linear saw tooth of current in the inductance. 

11-6. Sweep Amplifiers for Electromagnetic Deflection (Low-fre¬ 
quency Case). The preceding discussion of methods for producing linear 




( b ) Approximate medium frequency equivalent circuit 



(<•) Approximate low-frequency equivalent circuit 




( d ) Approximate high frequency equivalent circuit 
Km. 11-17. Transformer coupled sweep amplifier. 

saw-tooth waveforms of current in an inductive circuit is applicable where 
the distributed capacitance of the inductance may be neglected. This is 
essentially true where the vertical component of deflection is concerned. 

It is possible, if the impedance of the deflection yoke is sufficiently 
high, to place it directly in the plate circuit of the vacuum tube as illus¬ 
trated in Fig. 11-lGa. If the driver tube is a triode, the grid waveform 
is the step function and saw tooth, while if the driver tube is a constant- 
current pentode, the ktep is of negligible size and the grid-voltage wave¬ 
form an approximate saw tooth. The arrangement shown in Fig. 1 l-l(k/ 
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is impractical for television sweep circuits without modification because 
the d-c component of current would give only unidirectional sweeps as 
measured from the center of the tube. This d-c component may be bal¬ 
anced out by the arrangement shown in (6) by using push-pull drive as 
shown in (c) or, better still, push-pull drive bifilar winding as shown 
in ( d ). If the method of (c) is used, Rl must be sufficiently high so that 
recovery time will not be slowed by excessive damping. These methods 
other than that of ( d ) are not particularly efficient, and transformer 
coupling enjoys more common practice. 

Transformer Coupled Output Circuit. The transformer coupled sweep 
amplifier is shown in Fig. ll-17a, with approximate low-, medium-, and 
high-frequency equivalent circuits 
shown in (6), (c), and (d). These 
may be derived from the general * 2 (0 ^—- 

coupled-circuit equations. For 

vertical scanning frequencies, un- --- 

less a transformer with extremely {o) Response t0 5tep + sawt00lh 

high primary inductance is used, 
the 1-f equivalent circuit is most 


(a) Response to step + sawtooth 


e (t) 


-WA-T-pn /?.- 

fc> ! I*'* r . 

e r- ! U R 

|_ 1 *-i - J L '~ 

Fio. 11-18. Simplified 1-f equivalent 
circuit of transformer coupled deflec¬ 
tion yoke. 



(6) Required input waveform for linear output 
corresponding to Eq. 11-52 

Fig. 11-19. Response of vertical sweep 
circuit with nonlinearity due to pri¬ 
mary inductance and required correc¬ 
tion waveform. 


appl : *able. At these frequencies, the equivalent leakage inductance 
L 2 ( 1 - k-)/n 2 can be neglected with little error. 

The 1-f equivalent circuit is shown in simplified form in Fig. 11-18. If 
Li were very high, i.e., an ideal transformer assumed, and a saw tooth 
of current desired in the deflection yoke, then 


*w = + ¥ 


(11-44) 


which is of the form 


E w - p + f 


(11-45) 


However, if U is to be considered, the resultant current is of the form 

r / \ s a o 

Ii{s) “ «(« + a)(s + 0) 


(11-46) 
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which has the inverse transform 



cr 


Oo , do - a , 

a/9 a(a - /9) 



JtLZ.P € -» 

M ~ a) 


(11-47) 


Th» general form of this equation is plotted in Fig. 11-19a. The 
departure from linearity as a function of time is due to the shunting 
inductance of the primary winding. This effect is difficult to avoid with¬ 
out putting excessive requirements on the output transformer. 

The departure from linearity may be compensated for by suitable modi¬ 
fication of the applied voltage waveform. If there is some residual cur¬ 
rent from a preceding cycle of the waveform, the current through the 
yoke in Fig. 11-18 will be 

U{t) = t(0) -I- kt (11-48) 


The current through the shunting equivalent primary inductance is 


m = OT(0 l + L/fc « + Bo 


Lx 

The total current from the source, E, is 


2 L 




(11-49) 


(11-50) 


and the applied voltage must, be 

e(t) = [(R, + fl')t(O) + L'k) 

+ [«W)_+£*±“«. + «•*],+ 


R'k 

2Lx 


R.0 (11-51) 


which is of the form 

«(0 = kx + kit + ktC- (11-52) 

as illustrated in Fig. 11-196. 



Fio. 11-20. Complete vertical sweep circuit with linearity correction 


The required waveform is sometimes obtained by the nonlinear trans¬ 
fer characteristic of the amplifier tube and the RC time constant in the 
cathode circuit as shown in Fig. 11-20. Variations of R k change the d-c 
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bias point as well as the effective time constant, both effects being in a 
direction to correct for the shunting effect of the primary inductance. 
For completeness, the d-c positioning circuits are shown. This position¬ 
ing arrangement merely consists of adding a d-c component of current in 
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Fio. 11-22. Practical current-feedback circuit with typical circuit constants. 


the deflection-yoke circuits to overcome a shift from center due to a mis¬ 
alignment of the electron gun in the cathode-ray tube. 

Another possible means for correcting for nonlinearity in the output 
circuit is the feedback circuit shown in principle in Fig. 11-21. The saw 
tooth is generated by the clamp circuit of V x at very low level and ampli¬ 
fied by the cathode-coupled stage, consisting of V 2 and V 3 . A sampling 
of the yoke current is applied to the other grid of the '•athode-coupled 
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stage, which acts as a difference amplifier. The amplifier tends to apply 
to the output circuit, the difference waveform between the output cur¬ 
rent and the input voltage. The action is to reduce this difference to a 
negligible amount if the gain is sufficiently high. A practical embodi¬ 
ment of this circuit is shown in Fig. 11-22, in which gain is provided in 



Flo. 11-23. Feedback circuit providing amplified correction signal. 


the feedback loop. If the amplified difference is not sufficient to pro¬ 
vide the required output, the additional amplifier, as shown in Fig. 11-23, 
may be used. This involves also a change in polarity of the output of 
the cathode-coupled stage by putting the load resistor in the opposite 
plate circuit. 

It is also possible to use voltage feedback provided the proper voltage- 
feedback waveform is first derived in the output circuit. 

11-7. Sweep Circuits for Electromagnetic Deflection (High-frequency 
Case). A somewhat different approach must be followed in the analysis 
and design of the horizontal sweep 
circuits from that used for vertical 
deflection. The sweep speeds in¬ 
volved in line scanning are such 
that the distributed capacitance of 
the deflection yoke and its associ¬ 
ated output circuit cannot be neg¬ 
lected. As a matter of fact, the 
minimum retrace time which can 



Fig. 11-24. Oscillatory Itl.C circuit with 
initial energy stonigc. 


be obtained is limited fundamentally by the self-resonant frequency of 
this circuit. 

The fundamentals to bo described here are such as to lead to an under¬ 
standing of the principles involved in efficient horizontal sweep circuit 
design. The detailed analysis of such circuits is, however, extremely 
complicated. 

Consider first the circuit of Fig. 11-24, in which the voltage source E 
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after having been connected for a period of time, is removed suddenly 
from the circuit by opening the switch at t = 0. Immediately following 
this time, the circuit transform equation may be written as 

0 = RI(s) 4- Lsl(s) + ^ 7(s) - Li( 0) 4- ^ (11-53) 

Inspection of the initial circuit condition shows that, at t = 0, 


4 (i).-- 


E 


ab 0 


which allows Eq. (11-53) to be written as 


/(*) = 


s- 4- {R/L)s 4- (1 /EC) 


which is of the form 


/(*) = 


z(0)[s-h «o] 

(s 4" «) 2 4- 0- 


where 


E 


do — 


abO 


Lit 0) 


a = § j P = \/~C ~ Ql) 


if the circuit is oscillatory (underdamped). 
The inverse transform from Appendix B is 


= 5 [(no - ay + Bin W + <f>) 

i(0) 0 


where 


it > = tan -1 


0 


n n — a 


If \/LC » ( R/2Jj)-, the phase angle <f> —* 90° and 

t(0 ~ f(0)«r a ‘ cos 01 


(11-54) 


(11-55) 


(11 -50) 


(H-57) 


This result is plotted in Fig. ll-25a. 

The voltape across the combination can be found from Eq. (11-57) and 

(1 /C)]i dt to be 

e* = i(0) yjg sin OM + i) (11-58) 

where 

rj, = tan-* 

P 


The voltage wave is plotted in Fig. 11-256. 

If (R /2L) 2 is much less than 1/LC, the voltage wave is seen to lag 
the current wave by almost 90°. The waveforms of Fig. 11-25 show 
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that the minimum possible retrace time, which is the time between rever¬ 
sals of the-current, consists of approximately half a cycle of the oscilla¬ 
tory period of the series RLC circuit. This period is shown as T r in 

Fig. 11-25. 

It would be desirable to make the active portion of the sweep start 
shortly after the end of period 7\, the natural time for reversal of cur¬ 
rent in the yoke. Suppose, following time T„ the circuit of Fig. 1 l-26a 




Fio. 11-25. Voltaic; and current in circuit of Fig. 10-8:1 after opening of the switch. 


is considered. The time constant R\C x in the cathode circuit of the 
diode may be thought of as a self-bias arrangement with the amount of 
bias dependent upon the initial condition of the circuit. For simplicity 
of analysis, it is replaced by the battery in the circuit of Fig. 11-2(5 b. 

The case is to be considered in which E x , — E ab0 , with the switch closed 
at l = t x . This is essentially a low-Q circuit, and the effective shunt 
capacitance is neglected as a first approximation. 

For convenience, the reference direction of i is chosen as before. The 
circuit equations may be written as 


Ei = + Ri(t') + Lpi(t') (11-59) 


where = t — t x , from which can be obtained the transform equation 

Ei -f- 7/1(0) i« 

1A» + (H -f Rd)/L\ 


/(*) = 


(1J -GO) 
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where z(0) i is the current at t = t\. The inverse transform is of the form 


i{t') = i(0) i 


a 0 ~ (^o — y)e— rl ' 


(11-61) 


where 


7 = 


R + Rd 


a 0 = 


Ei 


Li{0) 


The initial current z(0)i is negative and very nearly equal in magnitude 

to z*(0) if the Q of the RLC circuit 
is high. 

The plot of the current starting 
at time h from Eq. (11-61) is shown 
in Fig. ll-26c. This is an expo¬ 
nential rise, reaching the final value 
at l = oc of 



(a) Circuit for current decay 


l 2 (cc) = 


Ei 


R -h Rd 


(11-62) 



If E b = E ab o and z’(0) is the steady- 
state value Eato/R, since di/at = 0, 
at this time, then 


(6) Equivalent circuit 


*z( 00 ) 

m 


R 


R -f- Rd 


(11-63) 



Current rise if diode 
did not cut off^ 


Actual rise of 
current 


This equation would seem to 
show that if the forward resistance 
of the diode could be reduced to 
zero, the limit of current which 
could be reached would be z(0) and 
almost all the forward sweep could 
be obtained without energy added 
to the circuit. However, although 
mathematically correct, this situa¬ 
tion is not physically realizable 
since the diode is a unidirectional 
device and the development shown 
above does not hold beyond the 
point at which i(t') goes from a negative to a positive value; thus, 
i(V) would stop at this point. However, since the diode is a non¬ 
linear device, i{t r ) approaches the axis in a nonlinear manner which 
appears at first glance to be roughly of exponential form. This is illus¬ 
trated in Fig. ll-26c, which shows that, in the theoretical limit, up to 
50 per cent of the sweep could be obtained merely by action of the diode 
circuit. This condition, of course, cannot be realized in practice since it 


(c) Current wave 

Fio. 11-26. Decay of current in inductive 
circuit with initial stored energy. 
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would result in extreme nonlinearity. However, a large portion of the 
active sweep can be generated in this manner by the release of the stored 
energy starting at time t lm 

It is now useful to consider the special ease where, at the time the 
diode is switched into the circuit, a current i(t') is supplied from an 
external source consisting of a constant- 
current generator. This situation is shown 
in Fig. 11-27. 

The voltage across the terminals is 


*2 C 0 


also, 


and 


Cab = Ri i + Lpi\ 

Cab = Rdit + Hb 


(11-04) 

(11-05) 



Fig. 11-27. Deflection coil 
with external current source 
starting at time l t . 


i 2 = i - i, (11-00) 

Combination of the above equations results in the general transform 
equation 

[(/? + Rt) + /.«]/.(*) = RJ(») + y + tt(0). (11-«V) 


Let us stipulate that the current through the deflection yoke be a lin¬ 
ear saw tooth starting with a negative value at / = t\, that is, 

U «') = kt' + i(0), (11-08) 

where i'(0), is the initial current whose value is negative; thus, 


k t (0) i 

AW = p + 

This can be combined with Eq. (11-07) and arranged to give 

rj r; x k(R + Hd) . Lk - E b (R + R d )i(0)i 
R dH*) = -p- + _ 8 + S 

If the condition is met that Lk — E b = — (.R + Rd)*{ 0)i then 

k(R + R d ) 


/(*) = 

This yields the inverse transform 


R d s- 


. H + Rd , 
= k lid ' 


( 11 - 00 ) 


(11-70) 


(11-71) 


(H-72) 


The result shows that if a perfectly linear saw tooth of current is to be 
obtained, even with the damping tube in the circuit, a linear saw tooth 
must be furnished during the scanning time. This results in a relatively 
inefficient sweep circuit and does not make full use of the possibilities of 
self-generation of the first portion of the sweep according to the prin- 
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ciples illustrated in Fig. 11-26. For a higher efficiency sweep, it is pos¬ 
sible to delay the start of external current flow as indicated in Fig. 11-28. 
The shape of the required current waveform can be controlled at the 
input, or the same effect can be obtained if the diode resistance can be 

varied over the active sweep time. 

A simple practical embodiment of 
these principles is shown in Fig. 
11-29. The sweep amplifier V 2 is 
usually a beam power tube such as a 
6BG6G or 6CD6G, especially designed 
for high-peak plate-voltage surges. 
The step which is generated by the 
peaking control in the plate circuit of 
the clamp tube, V it acts primarily to 
keep the amplifier tube cut off dur¬ 
ing the retrace time. This tube comes into conductance gradually, allow¬ 
ing the beginning of the sweep to be obtained primarily with current 
derived from the stored energy in the yoke. Variation of resistance in 
the cathode circuit changes the cathode time constant and modifies the 
waveform of current supplied to the transformer. The time constant in 



Fig. 11-28 Components of linear saw 
tooth. 


Ebb E bb 



Fig. 11-20. Simple high-effieienry horizontal sweep circuit. 


the diode circuit controls the efficiency of the sweep circuit as well as the 
linearity. 

Another circuit which gives somewhat more control over linearity is 
that of Fig. 11-30, which makes use of a low-/* triode such as a 6AS7G 
rather than a diode damper. The time constants in the grid circuit 
allow an effective control over the tube resistance, particularly near the 
beginning of the sweep. The sweep driver tube is maintained beyond 
cutoff during the retrace time by feedback to the lower end of the charg¬ 
ing capacitor. The variable inductance across part of the output trans¬ 
former acts as a size control without appreciably affecting linearity. 
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It is difficult to maintain linearity over the entire sweep period, but 
the circuit of Fig. 11-31 has been used with reasonable success. Thif 
allows the saw tooth to be generated at a much lower level. Current 
feedback from the driver tube to the cathode of the first amplifier stage 

k E bb 



+ 225 



maintains linearity of current in the transformer primary during the lat¬ 
ter part of the sweep period while the driver tube is furnishing most of 
the required current. Some control over the damper-tube characteristic 
must still be maintained to control the waveform of current pror to tin- 
transition period in which the amplifier begins to furnish the yok" 
current. 

For receivers, the development of improved circuit techniques has been 
aimed primarily toward greater output-circuit efficiency. r l'his problen 
of efficiency has been a major problem brought about by the develop 
ment of shorter wider-nngle picture tubes satisfying the requirement foi 
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greater highlight brightness and its attendant increase in required accel¬ 
erating potential, with the consequent reduction in deflection sensitivity. 
This evolution has required very careful consideration of impedance levels 
for yokes proper design of the matching transformer, and circuit arrange¬ 
ments for making the greatest possible use of the energy stored ill the 
yoke during the previous retrace time.' 



Fig. 11-32. Horizontal sweep eireuit with supply-voltage boost. 


The circuits, described here in simplified form, have represented the 
first step in increased design efficiency of horizontal-deflection systems. 

Another step toward this goal is the so-called “booster circuit” as 
shown in Fig. 11-32, which effectively increases the available plate-sup¬ 
ply potential for the driver tube by making use of the d-c voltage in the 
cathode circuit of the damper diode. In this circuit, the supply lead of 
the transformer secondary and the yoke are both returned to Eu,. 1 he 
diode and the cathode circuit that is in association with it can be thought 
of as a rectifier filter combination, the output of which is used as the 
plate supply of the driver tube. The d-c plate-supply potential of the 
driver is thus greater v han the actual value of E The amount of boost 
is dependent upon the amplitude of the output voltage waveform, which 
is determined by the impedance level of the yoke circuit and the turns 
ratio of the output transformer. The linearity control in the diode cath¬ 
ode circuit determines the waveform of supply voltage for the driver and 
controls the variation of conduction of the diode during the sweep period. 

A slightly different form, in which the yoke is direct-coupled, is shown 
in Fig. 11-33. This form has been developed for very-high-efficiency cir- 


i otto H. Schade, Magnetic Deflection Circuits for Cathode Itay Tubes, RCA Rev., 

Vol. 8, No. 3, September, 1947. l4 

Otto H. Schade, Characteristics of High Efficiency Deflection and High \ oltagc 

Supply Systems for Kinescopes, RCA Rev., Vol. 11, No. 1, March, 1950. 

C. E. Torsch, A Universal Ceramic Iron Case Sweep Transformer, Parts I and II. 

Tele-Tech., December. 1949. pp. 23-25, January, 1950, pp. 34-35. 

M. J. Obcrt and W. A. Needs, Ferrite-core Yoke for Wide Deflection Angle Kine¬ 
scopes Telc-Trrh., October, 1950. 
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cuits for wide-angle tubes. The inductance loading the secondary acts 
primarily as a width control. Yokes, when direct-coupled in this fash¬ 
ion, are usually designed for a high impedance level. 

11-8. Production of Accelerating Potential from Sweep Flyback. The 
most common means of supplying the anode potential for a picture tube 
is by rectification of the high-voltage surge at the plate of the driver 



Fig. 11-33. Horizontal sweep circuit with direct-coupled yoke. 



tube, as shown in Fig. 11-34. The transformer polarity m such as to 
reverse the waveform from primary to secondary. Therefore, a positive 
surge appears at the plate of the driver during the flyback time of ampli¬ 
tude roughly equal to that at the secondary multiplied by the turns ratio 
of the transformer. A higher voltage surge may be obtained if advan¬ 
tage is taken of an autotransformer type of connection as shown in Fig. 
11-35. In this case, the diode is a rectifier which has a d-c output 
roughly equal to the peak value of the input surge. Very little filtering 
is necessary because of the high lepetition rate of the pulses. It is pos¬ 
sible to obtain a surge of 10 to 20 kv by this method. 
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Higher voltages can be obtained with the voltage-doubler circuit shown 
in Fig. 11-36. At the cathode of V x is the voltage E , which is essentially 
the peak at the primary of the transformer. The second diode is a-c- 
eoupled to this, with its input resistor returned to the d-c level E. There¬ 
fore, the average level of this waveform is E, and the d-c output is E + e 
as shown. The peak amplitude approaches very closely the value 2 E. 



Fig. 11-35. Flyback supply with volt- Fig. 11-36 Voltage-doubler circuit, 
age step-up. 



Fig. 11-37. Voltage doubler with coupling Fig. 11-38. High-voltage boost circuit, 
diode. 

A slightly different version which provides a somewhat higher output 
is the same circuit with the d-c restorer across the input resistor to the 
second tube of the doubler. This circuit is shown in Fig. 11-37. The 
output is somewhat higher here because of the d-c restorer action. 

An increased output may be obtained by the boost circuit shown in 
Fig. 11-38. During the flyback time, a voltage of magnitude E + e x 
appears across C. This charge remains during the active sweep time, 
and since point A is at potential E 2 , the to,al output voltage is very 
nearly E 2 + E + e x + E bb . This boost circuit can be used with the volt¬ 
age doubler either with or without the d-c restorer diode as described 
above. 


CHAPTER 12 


SYNCHRONIZATION AND PICTURE- 

SIGNAL STANDARDS 


12-1. Introduction. The fundamentals of a television communica¬ 
tion system have been the concern of earlier chapters of this book. These 
have been written from the standpoint of requirements to be met, prob¬ 
lems to be solved, and possible methods of solution, based upon knowl¬ 
edge of the state of the art of radio communication, electronic circuitry, 
and elect!ooplical devices. On the basis of these fundamentals, many 
television broadcast systems could be devised utilizing various methods 
of modulation, synchronization, different scanning rates, line numbers, 
bandwidths, and variations of many other factors. Matters relating to 
modulation methods and the interrelation of transmitters and receivers 
with regard to visual and aural information were discussed in Chap. 9. 
The present chapter deals with the synchronization problems, scanning 
rates and related characteristics of the picture signal, including methods 
of adding chrominance information to a system evolved originally for 

monochrome. . . 

Of primary concern to the majority of television engineers and other 

technical specialists engaged in the industry are the methods and equip¬ 
ment based on the chosen commercial standards for both monochrome 
and color television of this country. A considerable portion of the next 
few chapters will be concerned specifically with methods and equipment 
which fall within the framework of these standards, although such 
methods and equipment arc easily adaptable where different standards 
prevail and much of the material is of a more general nature. These 
present standards are based on recommendations of the National Televi¬ 
sion Systems Committee (NTSC) of the Radio, Electronic, and Televi¬ 
sion Manufacturers’ Association (11ETMA), 1 and were evolved from the 

1 For a comprehensive report of the work of the first NTSC, both technical ami 
organizational, which evolved system standards for commercial monochrome tele¬ 
vision. see D. G. Fink, "Television Standards and Praetiie,” McGraw-Hill Hook 

Company, Inc., New York. MMd. 

For similar information related to the development and standardization of a color- 
television system fitting into the framework of the existing monochrome system, see 
fj r0 c lUK, Vol. 42, No. I. .laniiary. 11151. This entire issue of the publication is 

devoted to the subject. 

See Appendix I) for complete I CC traiismiKsion standards for commercial broad¬ 
casting in both monochrome and enloi. 
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prior experience of many workers in the early development of television. 
It has been demonstrated that it is possible to develop a satisfactory 
television service within the framework of the standards chosen. 

12-2. Transmission of Synchrdnizing Information. The scanning 
process, it has been shown, plays a fundamental part in the reproduction 
of visual information. The scanning in the pickup device and that in the 
reproducing device must be nominally in synchronism if the system is to 
function at all, and precisely in synchronism if the full capabilities of the 
television system are to be realized. Therefore, in the television system, 
some means must exist for the transmission of detailed information about 
the scanning process at the pickup device, and this information used as 
an aid in generating identical scanning processes at the reproducing 
device. For a commercial broadcast service, it is apparent that specific 
methods and standards for the transmission of synchronizing informa¬ 
tion must be chosen and rigidly adhered to if satisfactory operation of 
large numbers of receivers is to be achieved. The methods chosen should 
show the least possible susceptibility to the normal hazards of radio 
transmission such as atmospheric disturbances, man-made interference, 
and multipath transmission effects. Ideally, the ultimate limit of trans¬ 
mission range should be that at which the signal-to-noise ratio resulting 
from receiver input tube and circuit noise limits the picture detail which 
can be presented before loss of synchronization takes'place. 

Several possible methods of transmission of synchronizing information 
are available and should be properly evaluated. 

Transmission of Scanning Waveforms. In principle, transmission of 
the scanning waveform is probably the simplest possible method of trans¬ 
mission of synchronizing information. Once the proper scanning wave¬ 
forms are generated for the pickup device, these can be sampled, trans¬ 
mitted, amplified, and used as scanning waveforms at the reproducing 
device, provided the response of the reproducing device to the scanning 
waveforms is identical with that of the pickup device. 

The disadvantage of this type of transmission of scanning information 
is that an entirely separate transmission channel must be provided for 
each such scanning waveform, and the transmitted waveform would be 
subject to distortion resulting from noise and interference. There would 
be difficulty in duplicating de/lection-circuit behavior at the pickup and 
picture tube. 

Transmission of Pulses. The alternative of the transmission of scan¬ 
ning waveforms is the transmission of synchronizing pulses timed in such 
a way as to initiate sweep waveforms in circuits at the receiver in syn¬ 
chronism with similar waveforms at the pickup device. In this way, the 
pulses are used to initiate the scanning action, the type of scanning wave¬ 
form being determined by the scanning circuit itself. If the scanning 
waveform is prescribed by a mathematical equation, circuits which will 
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generate this waveform to any desired degree of accuracy can be built 
independently at both transmitter and receiver. 

Simultaneous and Time-shared Transmission of Pulses. If synchroniz¬ 
ing information is transmitted simultaneously with video information, an 
entirely separate transmission channel must be employed, as in the case 
of the transmission of scanning waveforms. If a single transmission 
channel is used, the time in which video information is transmitted can¬ 
not be utilized for transmission of synchronizing information. In other 
words, the time must be shared between video and synchronizing infor¬ 
mation. In the linear-scanning system described in Chap. 2, it was 
shown that a certain finite retrace time was required for both horizontal 
and vertical sweeps, during which time no useful video information was 
transmitted. This time could be utilized for the transmission of syn¬ 
chronizing information without adding to the total amount of time 
required for the transmission of a complete picture unit, provided, of 
course, that it would not be necessary to lengthen the retrace time to 
accommodate the required synchronizing information. In any case, all 
these factors are taken into account in the evaluation of the system band¬ 


width requirements discussed in Chap. 2. 

Combination of Horizontal and Vertical Synchronizing Information. 
Since both horizontal and vertical scanning generators in the receiver 
must be actuated by synchronizing pulses, if the video signal includes 
both pulses, there must be, in general, some means to prevent the vertical 
scanning generator from being triggered from a horizontal pulse and the 
horizontal scanning generator from being triggered from a vertical pulse. 
This may be accomplished by either amplitude separation or width sep¬ 
aration of pulses. Amplitude separation is illustrated conveniently by 
Fig. 12-1. A video signal containing black-level reference is shown in 
Fig. 12-la. Black level exists during both horizontal and vertical retrace. 
Horizontal synchronizing pulses are shown in Fig. 12-16 and vertical syn¬ 
chronizing pulses in Fig. 12-lc. These signals are all combined to form 
a composite video signal shown in Fig. 12-Id, if the horizontals and ver¬ 
ticals have the relative amplitudes shown. The resultant signal may be 
used to modulate a carrier, transmitted, and when demodulated at the 
receiver appears as the original of I'ig. 12-1 d. 

This signal may be applied to clippers of which Fig. 12-2a and b are 
examples. Output waveforms of Fig. 12-lc or 12-1/ may be obtained 
depending upon the clipping level chosen. In Fig. 12-lc, only the ver¬ 
tical synchronizing waveform is left. In Fig. 12-1/, some vertical is left 
in the horizontal synchronizing waveform unless the timing of the two 
coincide in time, as they could be made to do in a simple system of pro¬ 
gressive scanning (noninterlaced). 

Width separation is shown in a similar manner in Fig. 12-3. In this 
case, a vertical pulse differs from the horizontal pulse only in the mat- 
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Vertical retrace period 
(a) Video signal containing black level 
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(b) Pulses for horizontal synchronization 
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(c) Pulses for vertical synchronization 



(d) Video signal With sync, pulses 


U 

(e) Clipping to obtain vertical synchronizing pulses 
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(/) Clipping to obtain horizontal pulses 

Fio 12-1. Time sharing of video and synchronization with amplitude separation of 
synchronizing pulses. 




(o) Triode clipper 




Fig. 12-2. Methods of amplitude separation of pulses. 
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ter of width. Separation can be made to take place by the principle 
illustrated in Fig. 12-4. If the synchronizing information is removed by 


U IT 




If 


Horizontal 

pulse 




IT 


Vertical 
pulse 

Fig. 12-3. Horizontal and vertical synchronizing pulses distinguished by difference 
in width. 


_n_n_ruL_ 


clippers as before and applied to the circuit of Fig. 12-4a, the result is 
that shown in Fig. 12-46 if the RC time constant is sufficiently short. 
If the waveform is applied to the circuit 
of Fig. 12-4c, the result is that of Fig. 

12-4ri if the time constant is sufficiently 
long. The circuit of Fig. 12-4a, com¬ 
monly known as a differentiating circuit, 
responds only to the leading edge of pulses, 
whereas the circuit of Fig. 12-4c, known 
as an integrating circuit, has a response 
dependent upon the width of the pulse. 

The terminology of differentiating and 
integrating circuits arises from the fact 
that these circuits are basic circuit ele¬ 
ments in the process of accomplishing these 
mathematical operations electronically. 

It may be seen that a vertical synchroniz¬ 
ing pulse which is unaffected by horizon¬ 
tal pulses can be obtained. Horizontal 
synchronizing pulses are affected only if 
the vertical pulse is wide enough to in¬ 
clude one or more-horizontals, in which (rase 
horizontal synchronizing cannot take place 


(a) Differentiating circuit 

J rVSV~ 

(6) Output of differentiating circuit 


_nji_rui_ 


m— 



(c) Integrating circuit 


( d) Output of integrating circuit 

Fio. 12-4. Width separation of 
pulses. 


during the time of the vertical pulse. This loss of horizontal pulses is 
illustrated in Fig. 12-5. At first glance, it might seem that loss of hori¬ 
zontal synchronization during the time of transmission of the vertical 


-JLJLJLJLJ 


ui—n_ 


■VrVr 1 --rVr 

Fig. 12-5. Iam of horizontal synchronization due to extreme width of vertical pulse. 

pulse is of little consequence, since this occurs during blanking time. 
However, because of the transient behavior of practical horizontal sweep 
circuits, it is desirable that horizontal synchronization not. be lost dur¬ 
ing the vertical period in order to ensure that it is operating in it. steady- 
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state manner when the blanking period is finished. Another considerar 
tion is that the simple circuit of Fig. 12-4a will respond to noise pulses as 
well as a synchronizing pulse. For this reason, circuits have been devised 
which will allow the horizontal sweeps in a receiver to run at a rate 
coincident with the average rate of the horizontal pulses rather than in 
response to individual pulses. This type of circuit is relatively immune 
to noise interference. Its operation, however, depends on the continuity 
of horizontal synchronizing pulses. In other words, the horizontal pulses 
must run at an invariant rate with no interruption. This matter will be 
discussed in more detail in Chap. 13. 

_n_n_n__n_ 

(a) Serrated vertical pulses in synchronizing waveform 

(6) Output of differentiating circuit 



(c) Output of integrating circuit 

Fio. 12-6. Use of serrations in vertical pulse to maintain horizontal synchronization 
during vertical retrace period. 

In order to provide sufficient separation between horizontal and ver¬ 
tical pulses, particularly under extreme noise conditions, it is necessary 
to make the effective width of the vertical pulses several times that of the 
horizontal pulses. The difficulties which this leads to may be lessened 
by serrations in the vertical pulses as shown in Fig. 12-6a. The response 
of the differentiating circuit is that of Fig. 12-66 and that of the integrat¬ 
ing circuit is Fig. 12-6c. 

12-3. T imin g Relationships for Interlaced Scanning. It was pointed 
out in Chap. 2 that interlaced scanning provided a means for bandwidth 
saving, since the picture-repetition rate could be lowered, with a conse¬ 
quent reduction in h-f requirements for a given resolution while main¬ 
taining the effective flicker frequency at the higher scanning rate. 

It would be possible to obtain odd-line interlaced scanning with an 
arbitrary number of lines by providing timing circuits which would dis¬ 
place the start of alternate vertical sweeps by a time corresponding to 
half a line. This can be accomplished in essentially automatic fashion 
if the horizontal synchronizing circuits are allowed to run continuously 
with a relationship between horizontal and vertical repetition rates such 
that a vertical sweep starts after W 4- H lines have been scanned, where 
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W is a whole number of lines. The total number of lines in a given 
frame is then n = 2( If” 4- V£). The vertical-field frequency /„ is twice 
the frame-repetition frequency //, and the horizontal scanning frequency 
is nff. 

Thus, in a 525-line interlaced system, \V = 202, and 262 1 2 lines are 
scanned during each vertical field. If the vertical-field frequency is 
00 cps, the frame frequency is 30 eps and the horizontal line frequency 
is (30) (525) = 15,750 cps. 

This method may be carried to any degree of interlacing, i.e., any 
number of fields may be interlaced to make up a given frame period. If 


.V represents the number of fields 
per frame, 

If (12-1) 

Jf 

the total number of lines is given by 

* = .V (»' + jfj (12-2) 

and the horizontal scanning fre- 
liieney is given by 



Vertical field 
scanning 
frequency 


Horizor.tal 

scanning 

frequency 



(12-3) 


F 10 . 12-7. Frpqnonrv relationships in 
intrrlacoil scanning. 


For example, if complete interlacing is to lake place in three fields and 
Approximately a 1,000-line syeiem is desired, a whole number It’ may be 
chosen which is approximately one-third of 1,000, say 330; then the total 
number of lines is given by 

n = 3(330 + 1 ») 


The frequency relationships for interlaced scanning may be obtained 
by processes of frequency division as shown in the block diagram of Fig. 
12-7. A basic control frequency f e is chosen such that 


/«-«/• (12 4) 

The horizontal scanning frequency is obtained by 

, fc 

’•> “ N (12-5) 


In practice, the exact control frequency must be chosen, because of prac¬ 
tical circuit limitations, such that n is the product of several small factors. 

The timing relationships shown in Fig. 12-8a for a 2-to-l interlaced 
system of-525 lines are produced automatically by choice of horizontal- 
vertical frequency relationships chosen according to the above rules. 
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In a color system of the subcarrier type where the chrominance infor¬ 
mation is interlaced as sidebands of a subcarrier/, at an odd multiple of 


half the line-scanning frequency, the timing system shown in Fig. 12-7 
may be derived from the frequency f, as the basic control frequency. 

Suppose, in an odd-line interlaced 



system, the color subcarrier is to 
be at the n,th multiple of half the 
line-scanning frequency. Since the 
control frequency f c is four times 
half the line-scanning frequency, 
the relationship between f c and /. 
is given by 



( 12 - 6 ) 


and the control frequency is derived 
from the subcarrier frequency by a 
divider chain which counts by n„ 
into which is included a multiplier 



Color subcarrier output 


(6) Derivation of control frequency from 
color subcarrier frequency 


Fig. 12-8. Frequency relationships in odd¬ 
line interlacing. 


which multiplies by 4. Thus, the 
counter chain shown in Fig. 12-8a 
would be modified to that of Fig. 
12-86 for deriving the color sub¬ 
carrier. 

12-4. Basic Synchronizing Wave¬ 
form. The principles discussed in 
Secs. 12-2 and 12-3 form the logi¬ 
cal basis for the formulation of syn¬ 
chronizing waveforms for television 
systems. Horizontal synchroniz¬ 
ing pulses should not be interrupted 
at any time, including vertical re¬ 
trace. Width separation rather 
than amplitude separation of pulses 


is preferable because of noise and variable-signal-level considerations. 1 he 
method must be applicable to interlaced scanning. Ihe serrated vertical 
pulses, as shown in Fig. 12-6, allow horizontal continuity to be obtained 
while still maintaining sufficient effective vertical-pulse width if noninter¬ 
laced scanning is used. The waveform used for odd-line interlaced scan¬ 
ning is shown in Fig. 12-9a for successive vertical fields. The vertical pulses 
are double frequency in order to prevent loss of horizontal synchroniza¬ 
tion. There is a half-line displacement of alternate sets of vertical pulses, 
giving rise to response of integrator circuits for successive fields as shown 
in Fig 12-96. The slight error introduced in timing resulting from a 
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different spacing from the last horizontal pulse prevents perfect receiver 
interlace from being obtained. This error may be corrected by the inser¬ 
tion of double-frequency pulses, known as equalizing pulses, ahead of 
each vertical period, as shown in Fig. 12-10. These pulses ensure that 
the vertical-circuit behavior will be identical for successive blocks of ser¬ 
rated vertical pulses. The complete synchronizing waveform chosen as 

-XJLJLX-JimrmLJU^ 

_J1 _fl _0_lUXinJTTLJ_fl_(LJL 


(a) Basic synchronizing waveform for alternate 
vertical retrace periods 




(6) Behavior of integrator circuits on successive fields 
Fi«;. I2-‘J. Kleincnts of complete synchronizing waveform. 


_JLJLJUlJJIJIJ_rr^ 


_ji _njjJuuuuTYinnnju^ 

Fir;. 12-10. Insertion of equalizing pulses for improvement of vertical interlacing. 

standard for commercial broadcasting in monochrome is shown in Fig. 
12-1 a. I his standard is based on line- and field-repetition rates pre¬ 
viously mentioned and discussed at greater length in Sec. 12-5. In Fig. 
12-115 are also shown auxiliary signals known as blanking signals, which 
are used to establish signal pedestal levels during retrace. 

If chrominance information is involved, t.I.e most reasonable method of 
adding it has been found to be the color-subcarrier technique discussed in 
Chap. 2. If such information is added, it is necessary to include in the 
information transmitted to the receiver, data concerning the exact fre¬ 
quency and phase of the color subcarrier for use in the receiver demod¬ 
ulators. This can be done by essentially adding a short burst of the 
color subcarrier following each horizontal synchronizing pulse, as shown 
in Fig. 12-1 lc. 

12-6. Type of Scanning -Choice of Line and Frame Rates. The 

fundamentals of Chap. 2 form the basis for selection of line and frame 
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rates, tempered with the consideration that space is limited in the r-f 
spectrum and under no circumstances should a system be established 
which is better than necessary. As discussed in Chap. 2, linear scanning 
was chosen as standard for commercial broadcasting. For reasons of 
bandwidth economy, interlaced scanning became the accepted standard. 
Because of questionable flicker effects for small areas in multiple inter¬ 
lace systems, the odd-line two-field method was chosen. The automatic 


, M . /0.08H 

QU J x'O.CWH „ _ 

n n n n* "i i n n njiiuifrirriHi^^ —n—n—n—n—n—n—n—n—n— fi^t 

u—3H—4-—3H ——f*-3H—4 


Field No. 1 


[ p L _jL_n_JUJUJUlJJT^ 


Field No. 2 


(a) Synchronizing signal 


^Horizontal blanking 

•ft.0.15 to 0.18H|-— 
"^"FieiTNoTl^ 

_n_n_n_ru 

Field No. 2 


Vertical blanking-0.07 


-UL^ 

l_n_r 


(6) Blanking signal 


Horizontal 
sync pulse 

^8 cycles min 




iO 005 H 


0 006 H min 
0 !25H max 


(C) Color subcarrier information following each honzontal sync pulse 
Fio. 12-11. Complete synchronizing waveform with auxiliary signals. 

continuous-line method was accepted because of its inherent simplicity. 
A vertical-field frequency of 60 cps was chosen because it was in the safe 
region for flicker effects for normal screen brightness; and whatever 
advantage existing in locked power-system operation could be utilized 
under certain conditions of operation. This rate was a subject of some 
controversy in the establishment of standards. The total line number 
of 525 was finally chosen as the total number of scanning lines, thus yield¬ 
ing a horizontal scanning frequency of 15,750.* This number of lines 
was chosen after a tentative number of 441 had been in limited commer- 

i At the time color standards were adopted, it was deemed advisable to make a 
alight change in these frequencies in order to make the sound earner at an exact 
multiple of the line-scanning frequency in order to reduce any possible effect of 
' beat notes between the sound and chrominance subcarrier. Since the spacing between 
sound and picture carrier is 4.5 Me as specified in Chap. 9, a slight change of hori¬ 
zontal scanning frequency to 15,734.26 cps accomplished this. This change resulted 
in a precise vertical-field frequency of 59.94 cps. 
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cial service for a few years prior to 1940. Within a given channel width, 
a greater number of lines increase* vertical resolution, but only at the 
expense of horizontal resolution. It is desirable, all other factors being 
equal, that approximately equal horizontal and vertical resolutions be 
obtained, although this is not a particularly critical requirement. If a 
reasonable time (approximately 5 per cent) is allowed for vertical retrace 
in a 525-line system, there are left approximately 500 active scanning 
lines. If the utilization factor k x of' Eq. (2-13) is taken as 0.7, the num¬ 
ber of vertical elements which may be fully resolved is 350. In the 
525-line interlaced system, the horizontal scanning period is G3.5 nsec, 
and if 10 jisec is allowed for retrace (based on reasonable circuit limita¬ 
tions), the active scanning period is 53.5 *isec. 

If the full channel width specified in Chap. 9 (4 Me full amplitude) is 
utilized, the number of horizontal elements which can be resolved is 
53.5/0.125, or 428. .If the aspect ratio is 4:3, then the number of ele¬ 
ments in a unit width equal to the height of the picture is 428 X ? 4 = 321 
elements. This shows a vertical resolution better than horizontal reso¬ 
lution by a factor of 350 321, or 1.1, within the bandwidth of 4 Me. Since 
the equality of vertical and horizontal resolution is not critical, it is rea¬ 
sonable to sacrifice some horizontal resolution for additional lines because 


of line-structure visibility considerations. 


In practice, this sacrifice is 


greater than intended with the 525-line picture, since most monochrome 
receivers, particularly in the lower-price class, fall far short of full utiliza¬ 
tion of the full 4-Me bandwidth. This detail would be presented only if 
full response with uniform delay were obtained throughout the band. 
This cannot be realized because of the sharp cutoff requirements outside 
the band to prevent adjacent-channel and aural-channel interference. 

It is interesting to note that, from Eq. (2-12), if the resolving power 
of the eye is taken as 1 minute of arc and the number of elements to 
be revived in the vertical is 350, as determined above, the minimum 
ratio of viewing distance to picture height should be approximately 10. 
Distances greater than this result in loss of detail. This shows that the 
present channel-width allocations, while allowing a reasonably satisfac¬ 
tory commercial service, fall short of the ultimate that the state of the 
art will permit in the ability to resolve detail. The standards were based 
upon monochrome transmission. The addition of color as a parameter 
in accordance with the requirement for compatibility required the devel¬ 
opment of the frequency-interleaving band-shared system discussed in 
Chap. 2 to the extent that the state of the electronic art permits 

12-6. The Standard NTSC Picture Signal. Good reasons were pre¬ 
sented in Sec. 12-2 for the type of synchronizing waveform chosen as* 
standard. This requires the establishment of a fixed reference level in 
th** video signal to which can be added the synchronizing pulses. T his 
requirement is compatible with the desirability of establishing a black- 
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level reference in the video signal (since all camera taubes do not preserve 
this leve|). 

These requirements lead naturally to the standard NTSC picture sig¬ 
nal. A typical camera signal, either monochrome or one-color camera 
pickup, is shown in Fig. 12-12a. Addition of blanking signal as speci¬ 
fied in Fig. 12-11 with clipping at the required black level results in the 
signal of Fig. 12-126. The synchronizing waveform, and color-subcarrier 
reference burst added to these pedestals, results in the standard picture 
signal shown in Fig. 12-13. In a monochrome system, the color subcar- 
riefr would not be present. The specifications and tolerances placed on 

(a) Typical camera signal 

_-r 7 ' 

(6) Addition of black level pedestal 
Fig. 12-12 Video signal with black level inserted. 

pulse widths, rise times, etc. are based on practical circuit considerations 
and have been made after many years of experience in the use of such 
circuits. 

12-7. Modulation-polarity Standards. .As was discussed in Chap. 9, 
amplitude modulation is used in commercial picture transmission, with 
the standard bandpass characteristic representing vestigial-sideband 
transmission indicated in Fig. 9-21. 

Within the framework of amplitude-modulated vestigial-sideband 
transmission lies -the choice of polarity of modulation. In the case of 
audio, this choice is not necessary, since the modulating information con¬ 
tains no specific polarity. The standard picture signal, however, con¬ 
tains a fixed black reference level. Signals which are in the white direc¬ 
tion lie on one side of this black-level line polarity-wise, while the 
synchronizing pulses lie on the opposite side. The r-f carrier could be 
modulated in such a way that increasing whites result in an increase in 
carrier amplitude (positive transmission) or in such a way that increas¬ 
ing blacks result in increased carrier amplitude (negative modulation). 
Negative polarity is selected as the standard of transmission on the basis 
of transmitter-power considerations, noise interference, and automatic- 
gain-control (age) considerations in receivers. 

On the basis of an all-white picture, calculations show that, with the 
standard waveform, an increase of 30 per cent in power output can be 
obtained with negative modulation as compared with positive modula¬ 
tion, .for a transmitter with given power-output tube-plate dissipation 
capabilities. 
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Since most pictures contain more white than black, somewhat greater 
efficiency is possible with negative than with positive transmission. 

Most noise interference is of a nature to result in an increase in car¬ 
rier-wave amplitude at the receiver. This means that, from the stand¬ 
point of synchronization, negative transmission is slightly worse than 
positive transmission, since noise pulses may extend well above the syn¬ 
chronizing pulse level. From the standpoint of masking of picture con¬ 
tent, positive transmission results in noise pulses causing increased 

Because of finite spot size, which 
increases with brightness, this 
causes far more interference with 
picture content than noise pulses, 
which cause a darkening of the 
screen, which would be the case if 
negative transmission were used. 
Automatic synchronizing circuits 
in use in present-day receivers make 
the latter consideration a far more 
important one than the synchroniz¬ 
ing problem. 

Negative transmission allows much simpler automatic-gain-control cir¬ 
cuits for receivers than does positive transmission. 

1-n connection with modulation-polarity considerations, there arises the 
question as to whether or not it is necessary to transmit black level as a 
fixed carrier amplitude. Consideration of such things as circuit linear¬ 
ity, utilization of the full modulation capabilities of the. transmitter, 
maximum possible efficiency, automatic gain control, and receiver syn¬ 
chronization, leads to the desirability of the so-called d-c transmission in 
which black level is maintained at a given percentage of unmodulated 
carrier amplitude. The standard which is in use at present is that blank¬ 
ing level shall be represented by 75 per cent of full carrier amplitude, 
with reference black being taken as 70 per cent of peak amplitude. 

The standard type of transmitter output signal is shown in Fig. 12-14. 
Reference to this signal shows that white signal is represented by a given 
carrier amplitude. The total swing from full carrier to white level is 
referred to as modulation depth m d . 

12-8. Composition of the Color Signal. Standards for the composi¬ 
tion of the chrominance signal in the color system as evolved from the 
work of the NTSC are based on the principles discussed in Chap. 2, 

including: 

1 A choice of red, blue, and green primaries, which are closely repro¬ 
ducible with the use of available cathode-ray-tube phosphors and which 
enclose the most important range of ieal colors on the chromaticity dia- 


brightness on the viewing screen. 



Fig. 12-14. Standard transmitter output 
signal. 
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gram. On the basis of much experiment and analysis, the primaries 
which were chosen are: 


■r y 


Red. 0.67 0.33 

Green.I 0.21 0.71 

Blue.| 0.14 0 08 


These points are identified on the ehromatieity diagram of Fig. 12-15, 
and the triangle which they define encloses the region of reproducible 
colors. 

2. Use of the band-shared prin¬ 
ciple, wherein the luminance infor¬ 
mation is transmitted as in the 
monochrome system and the chro¬ 
minance information transmitted 
as sidebands of a color subcarrier 
placed at an odd multiple of half 
the line-scanning frequency, thus 
allowing the frequencies carrying 
chrominance information to be in¬ 
terlaced between those carrying 
luminance information. The sub- 
carrier frequency is chosen as the 
455th multiple of half the line-scan¬ 
ning frequency of 15,734.20 cps or 
3.579545 Me. 

The video bandpass characteris¬ 
tic for the system is shown in Fig. 12-lOa, also showing the location of 
the color subcarrier. 

3. Narrow-band double-sideband (up to ±500 kc at 6 db down; trans¬ 
mission of three-color information as defined by the color triangle ,.f 
Fig. 12-15 by color-difference signals transmitted as sidebands of the 
color subcarrier/. defined by 

Ey - Ey + Ic^Bm - Ey) cos a >.t + k„{E u - Ey) sin u >.t (2-58) 

with 

Ey = kxEn + A 2 E 0 + kiE u (2-55) 

The relative proportions of E„ E„, and E. are chosen to accord with 
the principle of conetant luminance; i.e., color changes which affect the 
subcarrier have no effect on the luminance or E r component. The color 



0 0.2 0.4 0.6 0.8 


X 

Fio. 12-15. The color triangle showing 
standard red, blue, and green primaries 
for NTSC system. 
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subcarrier vanishes on gray (corresponding to standard source C). 
proportions are 

ki = 0.30 • = 0.59 = 0.11 

or 

E y = 0.30S* 4- 0.59 E r + 0.11E* 


These 


(12-7) 


Thus, if E r = E a = E b and E r = E R = E G = E B , in Eq. (2-57), E R - 
E r and E B - Ey both vanish. The bandpass characteristic of the color- 



fa) Monochrome bandpass characteristic showing 
location of color subcarrier 



(6) Bandpass characteristic of color difference 

signals or Eq signal 



(c) Bandpass characteristic of wide band Ej signal 
Fig. 12-16. Bandpass characteristics of signal components in standard color-subcarrier 
system. 


difference signals is shown in Fig. 12-166. Equation (12-7) would hold 
for a linear system and also for a nonlinear system if it were rewritten 

as follows: 


where 


E ; = 0.30Er + 0.59E' + 0.11 E' B 
E' h = E r w E' n = E 0 Vy E^ = E B Uy 


( 12 - 8 ) 
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The values E Bt E' 0 , and E' B are referred to as the gamma (-^-corrected 
signals, which are the signal outputs distorted in such a manner as to 
compensate for the system nonlinearity. The system nonlinearity to be 
corrected is the picture tube itself, which has a luminance given approxi¬ 
mately by 

B = K (12-9) 

as discussed in Chap, 5 where A E is measured from cutoff. The experi¬ 
mental evidence is that the value of gamma is approximately 

y = 2.2 (12-10) 

and it is for this value that the gamma correction yielding E\ is made. 

4. A more restricted color-information content of a greater detail by 
single-sideband transmission of the lower sideband of a wide-band com¬ 
ponent E h composed of correct proportions of the color-difference sig¬ 
nals, with a narrow-band primary Eq composed of a mixture of the color- 
difference signals, such that over the bandwidth shown in Fig. 12-166 
both E, and Eq are present, and over the extended range shown in Fig. 
12-16c only the E, component is present. 

The complete color signal is of the form 

Ey = Ey -f Eq sin ( ojI 4- <t>) -T E) cos (o>f + 4>) (2-59) 

The values of E t , E Q , and 4> are chosen such that over the narrow-band 
double-sideband region of the color subcarrier the complete signal reverts 
to the form of Eq. (2-58), and furthermore the relative maximum ampli¬ 
tudes of E q and E, are such that the peak power capabilities of the trans¬ 
mitter are not extended beyond what is necessary tO transmit mono¬ 
chrome plus synchronizing information, in full amplitude. 

The complete color equation is 

Ey = E' y + [E' q sin (w.l + 33°) + E\ cos (o>.t + 33°)] (12-11) 

where 

Eq = 0.41 {E' b - E' y ) + 0AS(E' r - E'y) 

= 0.21 E' r - 0.52 E' a -f 0.31E; (12-12) 

and 

E\ = -0.27 (E' b - E'y) + 0.U(E' R - Ey) 

= 0.60Z?'„ - 0.28 E' a - 0.32 E' B (12-13) 

and 4> is measured with respect to the phase of the color-reference burst 
as described in Sec. 12-4. The primes indicate that these are gamma- 
corrected values in accordance with Eq. (12-8) and Eq. (12-10). Com¬ 
bination of the above equations shows that for frequencies in the double¬ 
sideband region (below 500 kc) the complete signal becomes 

Ey = E'y + 0.493(E; - E'y) sin u>.t + 0.877 (E' R - E' Y ) cos u>.t (12-14) 
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In this region below 500 kc, color within the complete triangle of Fig. 
12-15 is reproduced, while for the extended region where E\ alone is 
involved, color along the single curved line passing through standard 
source C as shown in Fig. 12-15 is produced The curvature of this line 
is a result of the gamma-correction process. 

Subcarrier 



Fig. 12-17. Maximum signal amplitudes for various saturated colors in the subcarrier 
system. 

A line of composite video showing relative amplitudes of the various 
color signals for maximum saturation is given in Fig. 12-17. It is to be 
noted that the peak of the color subcarrier for saturated reds and blues 
extends well above reference black and blanking level, but not above the 
synchronizing signal peaks. This signal amplitude level poses some prob¬ 
lems in equipment design which will be discussed in later chapters. Also, 
the peaks for saturated yellow and cyan extend below zero carrier level 
and, therefore, cannot be correctly produced. This loss is of little con¬ 
sequence, however, since these colors practically never exist in full 

saturation. 



CHAPTER 13 


CIRCUITS INVOLVED IN TIMING AND 
SYNCHRONIZING OPERATIONS 


The fundamental problem in the production and utilization of syn¬ 
chronizing information is that of generating the required waveforms and 
the precise timing of these waveforms. Many of the problems and the 
circuit techniques for solving them are applicable both at the picture 
generator and the receiver. Previous chapters have touched on this 
subject, but discussions of methods and techniques have been deferred 
to the present chapter. For example, circuit elements for the separation 
and utilization of horizontal and vertical synchronizing signals were men¬ 
tioned briefly but not explored in detail in Chap. 12. Scanning circuits 
as applied both in receiver and picture monitor applications were dis¬ 
cussed in Chap. 11 as requiring synchronizing pulses for initiation of the 
sweeps, but the originating source of the synchronizing pulses was not 
described. Clamp-circuit techniques were analyzed in Chap. 10, but the 
source of the clamp pulses was not discussed, nor were various applica¬ 
tions of the clamp circuits. 

Thus, some of the circuitry involved in timing and synchronizing 
operations has previously been discussed in so far as it has related to 
other applications, e.g., limiting and clipping circuits and d-c restorers. 
It is the purpose of the present chapter to add to these techniques cir¬ 
cuits which are more uniquely related to the operations of timing and 
synchronization. 


13-1. Relaxation Oscillators. The required waveforms in synchronis¬ 
ing signals are usually m the form of pulses which, ideally, are various 
combinations of essentially rectangular shapes. The generation of these 
waveforms involves some form of relaxation oscillator, in which vacuum 
tube amplifiers are driven rapidly through their entire dynamic range 
i.c„ from zero or positive grid voltage to cutoff. Analysis of such opera¬ 
tion cannot, m general, be. carried out completely by use of the e,inh a¬ 
le," circuit which postulates linear operation, and complete analysis of 
,or,ants operating auch fashion requires a combination of analytic mid 
graphical methods Combinations of tubes comprising a relaxation oacil- 
ator are capable of generating rectangular waveforms of any desired dura¬ 
tion and spacing, which can he controlled either by HC time constants 
within the circuit/r by the injection of external pulses 
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Many forms of relaxation oscillators have been devised, representative 
of which are the multivibrator, its various modified forms, and the block! 


ing oscillator. The circuits of these 
devices can be arranged in such a 
way that a periodic waveform is gen¬ 
erated at a rate independent of exter¬ 
nal control circuits (free-running), at 
a rate determined by external con¬ 
trol circuits (synchronized), or in such 
a way that they are inoperable in 
the absence of the control waveform 
(triggered operation). 

13-2. The Multivibrator. The 

astable multivibrator consists of two 
resistance-capacitance-coupled am¬ 
plifier stages, with the output of the 
second stage connected to the input 
of the first stage as shown in Fig. 13-1. 
The feedback which is involved is 



(b) Plate of VI 


positive-voltage feedback where any 
voltage change appearing at the grid 
of VI causes an opposite voltage 
chance at the plate of VI and the 
grid of V2, which, in turn, causes a 
voltage ch* in R e a t the of \2 

in the same diction M the original 

change at the ^rid ^ ^he 
amount of gain is stfK'.‘ , * en t to drive • 
the tubes through then entire dy- 1 
h.amic range. As* a starting point, e* 



L. —- 

Fm. 13-1. Astable multivibrator circuit. 
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(c) Grid of V2 




C d ) Plate of V2 
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( e} Grid of VI 

Fig. 13-2. Range of voltage excursions 
in multivibrator ^Deration. 


consider the case in which VI is driven through the range from cutoff into 
f u i» conduction as a result of feedback action, as indicated in Fig. 13-2a 
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and 6, with the resultant drop in plate voltage of E\ = Eu,\ — E bl . This 
change appears as an equal change at the grid of V2. If V2 had pre¬ 
viously been in full conduction, it would now be driven beyond cutoff as 
a result of the negative swing on its grid, as shown in Fig. 13-2c, and its 
plate would rise to the supply potential /: W2 from E b2 , as shown in Fig. 
i A-2d. The value of E b62 - E,, 2 would be determined by the magnitude of 
the load li L2 in the manner that the change was determined for Vl. 

After the initial drop at the grid of V2, it slowly recovers toward 
ground potential as C c2 discharges through U g2 . This is an exponential 
rise, which, if U o2 is much greater than Rix, is given by the approximate 
equation 

p e2 ~ E b 2 r ! '"'‘ r ': (13-1) 

The time T 2 re(|uired to reach the cutoff potential is obtained from 

E t2 « f?o*“ 7V *» !Crt (13-2) 

or 

T, = l{,,C„ In (13-3) 

£j c2 


At the end of the period 7’ 2 , tube 2 reaches conduction. The regen¬ 
erative action at this time causes the grid of tube 2 to rise rapidly to 
zero bias. This causes the plate voltage to drop to E b2 , thus causing 
tube 1 to be driven to cut off. At the end of the period T 2 , the same 
process repeats itself except that the roles of VI and V2 are interchanged. 
The period 7’, during which tube 1 is cut off is given approximately by 



r 1 





and the total recurrence period is 




7 


r 


+ r, = In + R, t c„ |„ 

E c2 


(13-4) 

(13-5) 


If a more exact expression for the period is desired, it is necessary to 
consider a more complete equivalent circuit during the grid-recovery 
period of the tube involved. During the time tube 2 is cut off and 
tube 1 is in full conduction, the equivalent circuit from which the volt¬ 
age at grid 2 can be determined is shown in Fig. 13-3. In this case, the 
equation for the recovery of the grid from E 02 toward ground iu 


e o2 = E 

and where li\ is the parallel combination of r pl and lt L \, 


(13-0) 



(R,t + ^)C t2 hi 


Eoi 


(13-7) 


This relationship is, of course, still 


an approximation 


since r p , varies 
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somewhat during this period. The same type of equivalent circuit can 
be applied to tube 1 during its cutoff period, yielding 

T, = («,, + Ri)C., In ~ (1H-8) 

''d 

The change in plate voltage of the conducting tube during the time 



(6) Series equivalent circuit 

Fin. 13-3. Equivalent circuit during cutoff period of tube 2. 


the other tube is nonconducting depends upon the relative value of It' 
and R b and is expressed by 

AE X = - £-AE a2 (13-9) 

n 0 i 

This change is illustrated in Fig. 13-26 and tl. 

Other factors affecting the transition but not appreciably the period, 
T i or 1*2, have not been considered in the above analysis. As a result 
of these factors, the actual waveforms at the various points are repre¬ 
sented more accurately in Fig. 13-4. These involve the excursions of the 
grids into the positive region with the corresponding initial drop in plate 
voltage of the opposite tube below the E bx level indicated as E' hl in Fig. 
13-3 and Fig. 13-4, and the finite rise and fall times at the plates. It is 
to be noted that the rise time at a plate is, in general, slower than the 
fall time. 

The most important of those secondary effects is the slight positive 
rise in grid voltage during transition and the period immediately follow¬ 
ing, and the corresponding slow rise time at the plate circuit of the oppo¬ 
site tube ns it is cut off. 
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Consider the transition period during which tube 2 is driven into con¬ 
duction and tube 1 is driven to cutoff. This period is shown in detail in 
Fig. 13-5. 

As the grid of tube 2 rises from the value E cZ to zero bias, the plate- 
voltage shift in the negative direction is more than enough to cut tube 1 

off; therefore, a large part of the rise 






Fig. 13-4. Waveforms showing second¬ 
ary effects in multivibrator action. 


at the plate 1 toward E w occurs after 
tube 1 is cut off. However, the sit¬ 
uation is more complicated during 
the first part of this transition, par¬ 
ticularly in the region where the grid 
of tube 2 is driven slightly positive. 
During the transition of tube 2 from 
cutoff Ert to zero, the plate voltage 
of tube 1 rises by the same amount, 
the path of operation being along the 
load line R' JX , indicated in Fig. 13-6. 
At the same time that tube 2 reaches 




zero bias, there is conduction in the grid circuit with an effective input 
grid resintance of This appears in parallel with R> and tube 1 
proceeds to cut off with this as a load line, as shown in Fig 13-6 The 
total nse is E u of Fig. 13-5 and Fig. 13-6 and is equal in magnitude to 

= ~ E ‘t+ B+ 2 (13-10) 
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It is at a value of plate voltage given by 

<’hl = (E b j -+ AE\) + E\a (13-11) 

that tube 1 cuts off, and from this point the plate of tube 1 can rise to 
only as fast as 0 c2 can charge through the series resistance of R,.i 




R. 


Fig. 13-6. Path of operation of plate of 
tube 1 during transition. 


Fig. 13-7. Equivalent charging circuit 
after cutoff of tube 1. 


and R{ 2 - The equivalent circuit during this time is shown in Fig. 13-7. 
The equation for plate voltage for this rise can be expressed as 


e* = (#m + A Et + E ia ) 4- [E» - (E bl + AE 1 + J£i.)](l - * 




(13-12) 


At the same time that c b is rising toward Eu>, the grid of tube 2 falls from 
its most positive value E a % to ground at the same rate, i.e., 

(13-13) 


Co 2 


_ ZP-4- . — (/UlLi+R%t)Cci 

— 2 t 


This anaiv'”!?• except for the finite rise time.'? riot accounted for by the 

charging of C c , accounts for the general shape of tnf waveforms of Fig. 

13-4 s in% the same type of analysis applies when the rota, of the two 

tube’s are i n ‘erchanged. This finite rise time not accounted for in the 

preceding analysis is due to the interelectrode and wiring capacitances 

to ground. These capacitances, in general determine the ‘all tuneat 

the nlate circuits as iv~“ as the first part of the rise times. After the 
p . . ’ , he coupling capacitor C c is approximately in 

parallel with the other shunt capacitances and represents by far the 
greatest portion of the total. Thus’, the greatest single factor influenc¬ 
ing the speed of response is determined by <?.; there ore, it is advanta¬ 
geous, where fast rise time is an important consideration to make C as 
small as possible, consiste.it with the ma>«m permissible value of R a 

needed to maintain the required time consta' 11 *'- 

At the other transition, the plate of tube 1 g" oes Em into conduc¬ 
tion along a load line parallel to R' L as indicau e< * * n ^8* 13-6. It is 
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driven slightly positive as indicated and then drops back to near the zero- 
bias line and follows the zero-bias line back to point O'. 

Stability Considerations. The time at which the change of state of a 
tube in the basic multivibrator from nonconducting to conducting occurs 



(a) Time variation in transition period 



(fc) Improvement with R t returned to E bb 



(c) Equivalent d-c circuit when tube 2 is conducting 
Fin. 13-8. Improvement in transition-time stability of multivibrator. 


is at the time the charging curve in the grid-recovery portion of the 
cycle crosses the cutoff point E e on the dynamic characteristic. If the 
value of E c is small, the intersection of the recovery waveform is at a very 
small angle with the cutoff potential line; and since the cutoff point is 
somewhat indefinite and subject to variations as filament temperature 
and other factors vary, the exact time at which the transition occurs may 
be subject to slight variations, as indicated in Fig. 13-8«. This condi¬ 
tion may be made less serious by returning the grid resistor R„ to the 
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positive supply potential rather than to ground, as shown in Fig. 13-86. 
In this case, the recovery is an exponential toward Ebb, as shown, and 
the intersection with the E e line is much steeper, with a consequent 
reduction in transition-time variation, or “jitter.” The grid-recovery 
curve is represented approximately, rather than by Eq. (13-1), by 

e C 2 = (#02 — Ebb)fT t/RtlCt + Ebb (13-14) 


If this modification is made, care must be taken that R 0 is large enough 



so that the equilibrium position of the 
grid be not so far positive that the 
grid-current rating of the tube is ex¬ 
ceeded. This grid current is deter¬ 
mined from the equivalent circuit of 
Fig. 13-8c. 

Triggered Operation. The change 


(a) Positive grid triggering of state from nonconducting to con- 



(6) Negative grid triggering 



(c) Use of trigger amplifier 

Fio. 13-9. Methods of triggering of a 
multivibrator. 


ducting may be advanced in time by 
the application of a triggering pulse 
from an external source, as shown 
in Fig. 13-9a. The positive trigger, 
occurring ahead of the time at .vhich 
the grid-recovery waveform reaches 
E e , immediately causes the grid volt¬ 
age to reach E e , thereby causing the 
transition to occur in synchronism 
with the trigger. If this triggering 
method is used, the trigger must be 
coupled in through a relatively small 
capacitance and preferably from a 
high-impedance source in order that 
this coupling circuit shall not appre¬ 
ciably load the multivibrator grid and 
thereby impair its normal operation. 


The leading edge of the trigger must be fast enough to initiate the action, 
and yet the duration must not be so short that it is removed before the 
circuit has had time to respond. The trigger must be of sufficient ampli¬ 
tude to pull the tube into conduction, and, preferably, the grid should 
be near E e at the time the trigger is applied in order to speed up the 


response. 

The transition time may sometimes be made faster by using a negative 
trigger on the opposite grid, as shown in Fig. 13-96. This immediately 
cuts tube 1 off, and the positive rise at the grid of tube 2 is increased by 
the amplification of tube 1. Sometimes it is difficult, particularly from 
high-impedance sources, to obtain sufficient trigger amplitude, because of 
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the positive grid impedance of tube 1, particularly if its R g is returned 
to Em- 

This problem, as well as the general problem of isolation of the trigger 
source, is best handled by a separate trigger-amplifier tube, as shown in 
Fig. 13-9c. In this case, the trigger amplifier is beyond cutoff until the 
trigger is applied; then it is amplified and appears at the grid of tube 1 
as a negative trigger having the same action as (6). 

Another technique is to use the suppressor grid of a pentode for nega¬ 
tive trigger injection, as shown in Fig. 13-10. 



13-3. The Monostable Multivibrator. The astablo multivibrator has 
two possible states for each tube, conducting and nonconducting. The 
tubes conduct alternately and will do so whether or not external triggers 
are applied. Each tube can be thought of as having only one stable 
condition, that condition being full conduction. The nonconducting 
state is not stable, and the duration of a nonconducting interval depends 
upon the discharge time of an RC circuit. The astable multivibrator, as 
a whole, must be considered as having no stable position. 

One type of multivibrator has one stable position and remains in that 
state until triggered from an external source to the opposite state, where 
it remains for u duration time determined by its own time constant. 
This structure is referred to as a monostable multivibrator. A form of 
such a circuit is shown in Fig. 13-11. Normally, tube 2 is held in full 
conduction whether R gi is returned to ground or to E u , while V x is held 
below cutoff by the divider action of R x and R 2 . These stable positions 
are shown by Fig. 13-116. In general, R Ll would be small relative to 
the shunting resistance of R x + R Jt and the load line and the normal 
full conducting point for V 2 would be determined approximately with 
R ri as the plate load. However, if R x + R , represents appreciable 
loading, the plate-voltage limits for K, can be obtained from an equiva¬ 
lent supply potential E' u and effective load resistance determined 

from the equivalent circuit shown in Fig. 13-12. The equivalent suppl v 
potential is K * 

(«■ + «,)&’* + K,,E„ 


/ 
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and the equivalent load resistance is 


p/ _ Rls(Rl + R 2 ) 

L Rl2 “h Ri + Ri 


(13-16) 


The effective load line drawn from values of E ^ and R' L , as shown in 

Fie. 13-126, is not strictly correct, 





(c) Operating cycle of mono-stable circuit 

Fio. 13-11. Elements of monostable- 
multivibrator operation. 


since in operation, when tube 1 is 
conducting, the plate circuit of tube 
2 is loaded by Rx in series with the 
positive grid resistance of tube 1, 
rather than by R i in series with R 2 . 
This makes but slight difference, 
however, unless the divider is cho¬ 
sen such that E gX would be quite 
far positive if tube 1 were removed 
from the circuit. Such a choice 
causes considerable grid current to 
be drawn when tube 1 conducts. 

Application of a negative trigger 
to the grid of V 2 or a positive trig¬ 
ger through a trigger amplifier to 
the plate of V x will cause V 2 to cut 
off and V x to conduct. The length 
of time for conduction of V x is de¬ 
termined by the controlling RC time 
constant, as it is for the basic mul¬ 
tivibrator. The complete cycle of 
operation is shown in Fig. 13-1 lc. 

If a very fast negative-going lead¬ 
ing edge is desired, it is advisable 
to apply the trigger at the plate ol 
the tube being driven into conduc¬ 
tion through the trigger amplifier 
as shown in Fig. 13-13. The plates 
of Vx and V 2 are pulled down as 
fast as the trigger can be amplified 
through Vx, whereas if a negative 
trigger were applied directly to the 
grid of V 3 , the fall would be only as 


fast as the regenerative action of the multivibrator could take place, as 
determined by the shunt capacitances in its parts. This normal response 
is shown as the dotted curve of Fig. 13-13. The rise which occurs imme¬ 
diately following the rapidly going negative wavefront is due to the action 
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of V x as an amplifier for the trailing edge of the trigger before the multi¬ 
vibrator action has time to take place. 

13-4. The Cathode-coupled Type. The cathode-coupled circuit shown 
in Fig. 13-14a functions as a monostable multivibrator with tube 2 in 






I R x +R 2 

(R x +R2)E btl +RnE cc 



R\+R 2 +Rl2 


(a) Load circuit for tube 2 and its equivalen* 



(6) Load line ‘or determination of end points of operation 
Fio. 13-12. Elements of monostable-circuit design. 



Fio. 13-13. Action of the trigger amplifier in forming a fast leading edge. 


full conduction representing the stable position. When tube 2 is con¬ 
ducting, it is at zero bias and the grid and cathode are both at the poten¬ 
tial E g7 , Ekt, as showi in Fig. 13-140. 

The value of ht (plate current of tube 2 at full conduction) at zero 
bias is found from load-line construction on the static transfer charac¬ 
teristic of Vj. E p t is taken as the drop across V 7 when it is conducting 
and E b7 as the potential at the plate of tube 2 with respect to ground 
when it is conducting. When tube 1 conducts, it may or may not be at 
zero bias, depending upon the setting of the potentiometer controlling 
E t \. The value of E kx when this tube is conducting can be determined 
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from load-line construction. The cutoff potential E e in each case is the 
grid-cathode potential required to reduce the plate current to zero. 

Suppose, to begin the cycle of operation, that V 2 is full conduction and 
E g2 and E k 2 are as shown in Fig. 13-14c. This potential must be such 

that V\ is held beyond cutoff for the 






J 

f 

b\ “ 



t 


lb) Plate of tube 1 





(d) Cathode 

Fig. 13-14. Cathode-coupled inonostable 
circuit and its operation. 


particular setting of E g \, that is, 

\Ek 2 — Egi\ > \E e l\ 

At time t = 0, a negative trigger 
is applied to the grid of tube 2 as 
shown. This pulls the cathode 
down by follower action to a level 
which will allow tube 1 to conduct, 
thus drooping its plate potential, 
and thereby the grid potential of 
tube 2, an additional amount. 
The end point is reached with tube 
2 cut off and tube 1 in conduction, 
as shown in Fig. 13-146 and Fig. 
13-14c. Tube 1 remains in conduc¬ 
tion until such time as the grid of 
tube 2 reaches a value to bring it 
back into conduction. The equa¬ 
tion for the rise at the grid of tube 
2 may be found to be 

e g2 = {Ebb + [(£&& “ Ebi) 

- E 02 ]}(1 - - l(E» 

- Ebi) - E o2 ) (13-17) 

if R 0 2 is returned to Ebb- 

The time at which tube 2 again 
conducts may be found from the 
above equation using a value of e g2 
of 

e, 2 = E h i - E c2 (13-18) 


The cathode-coupled multivibrator ’s thus of the monostable type, 
although under certain conditions it can be made to run in nontriggered 
fashion. The conduction period of tube 1 is most easily controllable by 
variation of E ah which determines the amplitude of the negative-going 
swing at the plate of tube 1 and the grid of tube 2, as well as the level 
E tl , both of which vary the recovery time,. which in turn determines the 
lime at which tube 2 will again conduct. 
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13-6. The Bistable Multivibrator. A type of circuit often, but not 
quite correctly, referred to as a multivibrator is one of the previous class 
except that it has two stable positions, i.e., either tube conducting with 
the dther nonconducting until triggered in the opposite direction. It is 
thus useful for generating rectangular waveforms of a duration depend¬ 
ent only upon the repetition rate of the applied triggers. The basic cir¬ 
cuit is shown in Fig. 13-15. It is referred to as the bistable multivibra¬ 
tor, or sometimes as a flip-flop circuit. The d-c divider networks are 



Kio. 13-15. Basic bistable-multivibrator circuit. 


set so that when one tube is conducting, the other is cut off. Determina¬ 
tion of the operating levels is the same as for the direct-coupled portion 
of the monostable multivibrator as determined from Fig. 13-12. The 
small trimmer capacitors C, and C\ are an aid in speeding up the transi¬ 
tion. If a trigger is applied to both grids through a source having suffi¬ 
ciently high impedance so that the grids are effectively isolated from one 
another, whichever tube is in conduction will be rendered nonconduct¬ 
ing and the regenerative action will cause the other tube to conduct. In 
this manner, rectangular waveforms whose repetition rates are half that 
of the incoming triggers are available from each tube. For this reason, 
the circuit is often referred to as a scale-of-2 circuit and. as such, has wide 
application in thf field of digital computers and as radiation counters. 

The triggers do not necessarily occur at fixed intervals but can be 
completely random or can occur at predetermined times. For example, 
if a pulse or “gate” is desired starting at T h and of duration T it is 
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necessary only to apply triggers at the desired time to the bistable cir¬ 
cuit, with the results shown in Fig. 13-16. Either positive or negative 
pulses will appear at either plate depending upon the initial condition of 
the circuit. If a particular polarity is desired, means must be taken to 

see that the initial position is cor¬ 
rect for it. Sometimes, operation oi 
this circuit is obtained by feeding 
leading-edge triggers into one grid and 
trailing-edge triggers into the other, 
as shown in Fig. 13-17. In this 
case, it is necessary that Vy be con¬ 
ducting and V 2 nonconducting prior 
to time ty. If this is part of a re¬ 
peating function, it may be necessary 
to apply some sort of recycling pulse 
to one of the grid return lines to 
ensure the correct initial position. 

13-6. Improvement of Multivibrator Response. The rise and fall 
times at the plates of a multivibrator can be no faster than the rise and 
fall times at the plates of a resistance-coupled amplifier, because the same 
shunt capacitances limit these responses. In addition, it has been shown 
that the plate rises much slower than this in the case of the a-c-coupled 
portion, because of the additional effect of the coupling capacitance in 




Fig. 13-17. Bistable circuit with separate leading- and trailing-edge triggers. 

series with the positive grid resistance of the opposite tube during most 
of the rise. The first step in the direction of improvement in rise times 
is a reduction in the value of Rl for each stage. The amount that this 
can be reduced is definitely limited, because the negative swing at the 
other grid must be sufficient so that not only will the tube be cut off, but 
the rising exponential recovery must be of a sufficiently steep slope so 
that the transition to conduction will not be subject to time variations. 
Of course, in the a-c-coupled multivibrator any reduction in R L would 
require a larger RC time constant in the following grid circuit in order 


h 

T 


h 

T 




Triggers 


One plate 


Opposite plate 


Fig. 13-16. Keying waveform of specific 
duration as a result of applied triggers. 


TIMIN'; AND SYNCHRONIZIN'; CIRCUITS 


431 


to maintain the same time period. For a maximum permissible li u , this 
increase would re<|iiire a larger C ct which would, in turn, result in a 
slower rise time. This action is in a direction to limit the possible 
improvement. 

If a reduction in li,. does not allow sufficient voltage swing, the next 
step in improvement of response is to use a tube with greater power¬ 
handling capabilities, from which is obtained a greater current swing 
from zero bias to cutoff. This increase in current results in a greater 
voltage swing for a given value of li,.. The next step is the use of a 
pentode rather than a triode, since the plate circuit will not then have 



Fig. 13-18. Improvement of multivibrator response by cathode* follower coupling 


to charge the greatly increased input capacitance of the second stage as 
magnified by the term C w (l - (1), where G is the gain of the stage. 

A further improvement in multivibrator response may be effected by 
interposing a cathode follower between stages, as shown in Fig. 13-18. 
Here, the plate circuit of \\ has to drive the combination of shunt capaci¬ 
tances as shown. These capacitances are less than in the previous case, 
partly because of the much smaller input capacitance of a cathode fol¬ 
lower as compared with a conventional amplifier. The plate rise time is 
much fluster, because f r2 no longer has to charge through Ii,. } but through 
the much lower internal impedance of the cathode follower. Care must 
be taken to arrange the d-e levels in such a way that the required change 
can occur at the cathode of the follower and the follower not be driven 


far beyond cutoff. This condition would cause a delay in response as F, 
is driven in the positive direction by an external trigger. 

13-7. The Blocking Oscillator. An extremely useful single-tube 
relaxation oscillator which can function in free-running, synchronized, or 
triggered fashion is the blocking oscillator, shown in Fig. 13-10. The 
transformer is polarized in such a way as to provide a large amount of 
regenerative feedback from plate to grid. 

Consider the conditions shown at time with the plate at the supply 
potential Au,, tin 1 grid at cutoff A f o, and the capacitor (' charged to value 
&,»„• As 800,1 P late current starts to flow, the plate potential drops, 
thus causing a rise in grid potential The action is cumulative until 
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zero bias is reached and is almost instantaneous. The action is con¬ 
tinued into the positive-grid region, during which time grid current flows 
and will continue to flow until diode-line operation is reached, or until 
the transformer can no longer supply both its own losses and the increas¬ 
ing load on the grid side due to the 
positive grid resistance J?, of the tube. 

As soon as the maximum positive 
value of e 0 is reached, the action is 
reversed: the plate swings positive 
as the grid is driven in the negative 
direction. During the time grid cur¬ 
rent is flowing, C is being charged 
negatively as shown, with a drop in 
potential of E Cmmx — E CmXm . 

As the plate swings positive in 
an oscillatory manner with a period 
determined primarily by its resonant 
capacitance, the grid swings corre¬ 
spondingly negative. Because of the 
losses inherent in the transformer 
circuit, these oscillations are rapidly 
damped and, for most practical pur¬ 
poses, only one positive swing need 
be considered. During the period 
beginning at 1 2 , C begins to dis¬ 
charge through R and point A rises 
exponentially toward ground at a 
rate determined by RC. At time 
the grid begins to rise at the same 
rate until the value e g = E c q is reached, 
at which time the cycle repeats. 

The variation in potential across C 
during the time it charges is given by 



E e - E e 

c mix 


mm 


/. 


i 0 dt (13-19) 

_ . __ - >.._«<» — rr» 1 m ’ u ■ 

Fig. 13-19. Elements of blocking-oscil¬ 
lator operation. The grid-recovery time T 2 , which 

,is the greatest portion of the total period, can be found from 

(13-20) 


e~ 


t/RC 


€ a — 

for the particular value of e 0 given by 

E e 0 = E e .er Tt/RC 


(13-21 
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The blocking oscillator exists in a variety of forms, all of which are 
essentially equivalent. One of these is shown in Fig. 13-20. 

Stability. The same problem of stability of firing time exists with the 
blocking oscillator as with the multivibrator and can be improved in the 
same manner, i.e., return of the charging resistor to a positive potential 
as shown in Fig. 13-21. In this case, the charging time can be found 
from 

<•. = Er . + (£» - - <-'**) (13-22) 

with r„ /',’hi and I = 7’ 2 . 



Fig. 13-20. Variation in block iiig-osrilla- 
lor arrangement. 



oscillator stability. 


13-8. Synchronized and Triggered Blocking Oscillators. A blocking 
oscillator may be made to run at a rate slightly faster than its natural 
frequency by the application of external synchronizing pulses in a man¬ 
ner analogous to that in other forms of relaxation oscillators. 

The pulses may be applied through a third winding as shown in Fig. 
13-22«, in the grid circuit as in Fig. 13-226, or to the plate through a 
trigger amplifier as in Fig. 13-22c. If the method of (b) is used, the 
source impedance of the trigger source should be relatively low, since it 
acts as a series impedance in the grid circuit. 

Triggered operation results when there is no natural repetition period, 
and an external trigger must be supplied to initiate the operation. This 
happens when the grid return E te is more negative than E c0 , the cutoff 
potential of the tube, as shown in Fig. 13-22 d. 

13-9. Frequency-dividing Circuits. In synchronizing equipment, the 
requirement exists for circuits which will produce a submultiple of a con¬ 
trol frequency as demonstrated in Fig. 12-8. This may be accomplished 
in a variety of ways. 
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Relaxation Oscillators as Frequency Dividers. One method of accom¬ 
plishment of a reduction in recurrence rate is by the use of synchronized 
operation of a blocking oscillator or multivibrator in the manner shown 






Trigger 



(d) Condition for triggered operation 

Fid. 13-22. Arrangements for triggering and synchronization of blocking oscillator. 


in Fig. 13-23. The grid-recovery time constant is buch that the grid is 
triggered into conduction by the applied trigger pulses before it normallv 
would undergo its change of state. This same principle is involved in nor¬ 
mal synchronized operation. The conditions for proper operation are for 
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the normal period T i to be greater than nt c , where n is the integer by 
which the rate is to be divided and t e is the period of the control pulses. 
Also, the period for recovery for the opposite grid should be T i < 1 1 . 



Grid circuit ot 
relaxation oscillator 


LUL U 


Trigger pulses 


~L. 



Fio. 13-23. Use of basic relaxation circuit as frequency divider. 



Fio. 13-24. Optimum condition for triggering. 


The relation between steepness of the grid-recovery waveform and the 
Amplitude of the trigger pulses should be established for maximum dis¬ 
crimination against firing on the n - 1 or n + 1 pulse. The situation 
illustrated in Fig. 13-24 is the optimum, where the grid is recovering 
toward E* and the height of the trigger pulses is equal to the amount of 
recovery between pulses. 

The Step Counter. An example of a reasonably stable type of divider 
. ircuit known as the step counter is shown in Fig. 13-25a. Rectangular 
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pulses appearing at the plate of an amplifier tube are applied to a capaci¬ 
tor charge-discharge circuit. 1 At the time of the first rise, point A is at 
zero potential, and C x and C 2 charge through the plate resistor, with the 
voltage across C 2 rising to the value 


C: 

C x + C 2 



assuming zero diode resistance. 

At the end of this positive part of the cycle, the lower diode cuts off 
and the upper one discharges point .4 to ground. This action continues 




through successive cycles, with the potential across C' 2 approaching a 
maximum of A E in successively smaller steps. The critical, or cutoff, 
bias of a relaxation oscillator may be at the value E 0 shown in Fig. 
13-256, so that when this level is reached in the charging of C 2 , the 
relaxation oscillator fires and in the process discharges C 2 to ground 
potential. A form of multivibrator or blocking oscillator may be used 
for this purpose. 

It is advantageous that C x and C 2 be small, that the source impedance 
for the rectangular wave be low, and that the input pulses to the grid of 

1 A. V. Bedford and J. 1\ Smith, A Precision Television Synchronising Signal 
Generator, RCA Rev., July, 1040. 
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the amplifier be of sufficient amplitude to drive the amplifier through its 
entire range from zero bias to cutoff. 

The circuit may be used to obtain a count of at least 10 in a stable 
fashion and higher if reasonable precautions are taken. 

Cascaded Binary Counters. The bistable multivibrator as illustrated 
in Fig. 13-15 is basically a 2-to-l divider circuit commonly referred to as 
a scale-of-2 circuit, a count-of-2 circuit, or a binary counter, since the 
repetition rate of the output square wave is half that of the input triggers. 



The square-wave output of one such circuit may be differentiated to 
form negative triggers whijh can be used to trigger a successive stage 
into operation; thus, two stages yield a count of 4, three stages a count 
of 8, and n stages a count of 2". Three such cascaded stages are shown 
in Fig. 13-26. This would normally be a count of 8 without the dotted 
feedback shown. Resultant waveforms are shown in Fig. 13-27a. 

In any of the three stages, the roles of the two tubes might be inter¬ 
changed, depending upon which tube is conducting at the time the trig¬ 
gers are applied. This interchange would not affect the value of the 
count but would affect the polarity at the plate of any tube at any given 
time. If it 18 necessary to specify this polarity at any snecific starting 
trme, it usually is necessary to have some sort of recycling pulse applied 

before the counting sequence starts in order to ensure that the circuit 
involved is in the correct stable position. 

If feedback from the output stage to the input stage as shown by the 

V f 13 ' 26 18 applied > the resu lting waveforms will be as 

in Fig. 13-276. From l 0 to everything is as before. This represents 
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the normal half period of the complete wave. However, at the time <«, 
a negative trigger is fed back from P h to G s , which had previously been 
the grid of a conducting tube. The feedback causes this tube imme¬ 
diately to become nonconducting instead of waiting for time t&. The 
result is to reverse all waveforms for tube 1 for the rest of the period, as 
shown in Fig. 13-276, with a consequent reduction in count from 8 to 7. 



Fia. 13-27. Waveforms in three cascaded scale-of-two circuits 

Further analysis would show that any count is reduced by 1 when such 
feedback is applied from the output stage to the input stage in the man¬ 
ner illustrated. Other reductions in count may be achieved by sys¬ 
tems of multiple feedback between stages. Without feedback, the count 
may be expressed as the ratio of the original frequency to the divided 

frequency, 



where n is the number of stages empl oyed. 


03-23) 
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Any count within the range of 2 n_1 to 2 n may be obtained with n 
stages with the proper choice of feedback loops. For example, a count 
of 5 may be obtained from three cascaded stages with feedback from the 
last to the first and from the last to the second stage. 

13-10. Signal-mixing and Keying Circuits. Many of the circuits of 
Chap. 10, although discussed primarily in connection with the handling 
of the video signal, are necessary and applicable as techniques of syn¬ 
chronizing-signal-generator designs. In particular, the limiting and 
clipping circuits discussed in Chap. 10 are of extreme importance. Of 
equal importance are the keying and signal-mixing circuits. Here, we 



Fig. 13-28. Use of pentode as keying circuit. 


are interested in the additive processes (although not usually with any 
stringent linearity iequipments) inasmuch as a particular keying wave¬ 
form might be made up of the sum of several waveforms. Of greatest 
concern is the process of “keying,” or “gating,” i.e., allowing an ampli¬ 
fier to be in the conducting state only during specific time intervals. The 
type of operation shown in Fig. 10-56 is applicable to gating operations. 

An example is the case shown in Fig. 13-28, in which the triggers 
applied to the grid of the pentode result in plate current only during 
the time that the keying waveform applied to the suppressor is positive. 
The amplitude of this waveform is sufficient to keep the tube cut off 
during the negative portion. 

13-11. Elements of Frequency Comparison, and Control Circuits. In 
the synchronizing signal generator for the standard system, it is some¬ 
times desirable to control the frequency of the 31.5-kc control oscillator 
from the 60-cps power-system frequency. However, the 00-cps power 
frequency is not always at precisely 60 cps but drifts about an average 
value of 60 cps. If such control is used, the master control frequency is 
not exactly 31.5 kc. In order to maintain relationship with the power 
frequency, some sort of frequency-comparison circuit must be used. This 
comparison may be established by deriving a control voltage from infor¬ 
mation about the relative timing of the two signals and using this infor- 
iQation to control the frequency of the master oscillator. 
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Rather than power-system control, it is often desirable to lock local 
synchronizing equipment to the frequency and phase of an incoming sig¬ 
nal. Frequency-comparison circuits may also be used for this purpose. 
The same techniques are applicable in a receiver in which a horizontal 
frequency oscillator is controlled from the average rate of incoming hori¬ 
zontal synchronizing pulses. Similar techniques would be applicable for 
controlling, in a color receiver, the frequency and phase of a color sub¬ 
carrier from burst samples of the actual color subcarrier occurring at hori¬ 
zontal line-scanning rate, as dis¬ 
cussed in Chap. 12. 

In connection with this problem, 
some general circuit techniques will 
first be discussed. Suppose the 
outputs of two'coffstant-amplitude 
oscillators differing only in phase, 
as shown in Fig. 13-29a, are applied 
to the addition amplifier of Fig. 
13-296. The two waveforms add 
directly in the plate circuit, and 
the rectifier gives a d-c output pro¬ 
portional to the peak value of the 
sum of the two. If the waveforms 
at the plate differ in phase, the 
output will be reduced and will be 
dependent upon the relative phase 
position of the two waves. This 
information can be used to con¬ 
trol the frequency of an oscillator, which in turn furnishes one of the 
input waves. However, this change is relativelj r slow, since in the vicin¬ 
ity of the peak the amplitude changes very slowly with the phase angle. 
Also, no information is available to show which wave is leading and which 
is lagging. In addition, the output is dependent upon the individual 
amplitudes of the two waves. 

The first of the above defects may be partially overcome by a phase 
shift of 180° of one of the waves, so that when the two are 180° out of 
phase at the plate, no output will be obtained; thus, the measurement is 
made where the waves are changing most rapidly, i.e., where they cross 
the axis. 

The second of these defects (no distinction between leading and lag¬ 
ging waves) is not present if one of the waves, rather than being sinus¬ 
oidal, is a pulse of sufficient peak amplitude so that the two waves of 
Fig. 13-30a add as shown in Fig. 13-306 at the plate of a sum or differ¬ 
ence amplifier for various phase positions. The d-c output from the rec¬ 
tifier is as shown and becomes larger if the pulses tend to advance in 




(6) Difference amplifier 

Fio. 13-29. Simple frequency-comparison 
circuit. 
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phase relative to the sine wave. The output can be made to change in 
the opposite direction by reversing the phase of the sine wave as shown 
in Fig. 13-30c, so that if the pulses start to advance in phase, the out¬ 
put decreases. The height of the pulses must be greater than the peak 
amplitude of the sine wave. 

Suppose, for example, the sine wave is the 60-cps power frequency and 


the pulses are from the 31.5 kc/525 
divider, and are phased as in Fig. 
13-30c. Now, if the 60-cps tends 
to run faster, as exhibited bv an 
advance in phase, the d-c output 
from the rectifier is larger. This 
output can be used as a control 
voltage to increase the speed of the 
31.5-kc oscillator in order to main¬ 
tain it at precisely 525 times the 
instantaneous power line frequency. 
If the 31.5-kc oscillator is a sine- 
wave type, this control may be 
accomplished with the aid of a re¬ 
actance tube, or if it is a relaxation 
oscillator, the control voltage may 
be used directly as grid-bias control. 
The output can be made relatively 
independent of the amplitude of the 
pulses by using the difference or 
addition amplifier as a limiter or 
clipper. 

The speed of response of the f re- 



fa) Rates to be compared 



(6) Addition of waves with d-c output 



(c) Change occurring with 
reversed-phase sine wave 

Km. 13-30. Comparison of repetition fre¬ 
quency of pulse with that of sine wave. 


quency-coinparison circuit depends upon the rectifier time constant and 
the same rules apply as for any linear detector. This prevents this type 
of circuit from following extremely rapid variations in phase 

The circuits which actually compare the phase or timing of two input 
waveforms are generally referred to as phase detectors 

A slightly different system makes use of the elamp circuit as a phase 
detector in wh.ch pulses derived from the frequency to be controlled are 
used as clamping pulses. 1 he reference frequency is the clamping poten- 
V?- A two-tntrfe clamp used in this manner is shown in Fig 13-31 
At the time a clamping pulse occurs, point A is clamped to the instan- 

+Th< “’ the Spends 

If the clamping pulses were gradually becoming mor.> • . 




412 


FUNDAMENTALS OF TELEVISION ENGINEERING 


a control voltage. The exact control characteristics, pull-in and hold-in 
range, would depend on the characteristics of the control network. 

The four-diode clamp as shown in Fig. 13-32 can perform the same 



Control 

voltage 

output 



Fig. 13-31. Two-triode clamp os phase-detector circuit. 



Fio. 13-32. Four-diode clamp as phase- Fig. 13-33. Application of frequency con- 
detector circuit. trol to receiver horizontal circuits. 


function. To eliminate the requirement for two separate clamp sources, 
the clamping pulses are fed from the transformer as shown 

Either of the clamp circuits Shown can be applied to the problem of 
horizontal synchronization in receivers, where, because of noise consid¬ 
erations. it is desirable to control the average rate of the horizontal oscil- 
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lator rather than the timing of individual pulses. Consider the two- 
triode clamp where the control voltage c c is the saw-tooth-current 
waveform applied to the deflection system and the clamping pulses are 
the synchronizing pulses as obtained from clipping the video waveform as 
shown in Fig. 13-33. The resultant waveform at point .4 can be filtered 
by integration in order to control the response characteristics. A fast 



Voltage 

control 



Voltage 

control 



(6) Inverted form 

Kio. Ki-34. T\vo-dio«l»* phnsr-tlctcrtoi 


« m ini 


speed of response means better following but less immunity from individ¬ 
ual noise pulses. 

Two forms of two-diode phase-detector circuits are shown in Fig. 13-34. 
In the first form, if the timing of the pulses and the output sine wave or 
saw tooth are as indicated by t of Fig. 13-34a, capacitors C, and C\ will 
charge in the direction shown at the time of application of the pulses and 
points B and IJ and, therefore, A will approach zero during this time. If 
the relative phase position changes, so that the saw-tooth reference point 
changes by Ae at time l, then the voltage applied to C, will be E + Ac 
and to Ci will be -E + Ae. The resulting current flow will tend to 
bring points B, I), and, therefore, A to Ae during the pulse interval. 
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Thus, the change in control voltage developed at point A is proportional 
to the change in phase of the pulses relative to the saw tooth or sine wave. 

In the second, or inverted, form, points B and D are clamped to poten¬ 
tial E c during the pulses, and if E e is zero, point A will be maintained at 
zero between pulses. But if it differs from zero by A E, point B will drop 
to —E + A# and point D will rise to +E + &E between pulses, and the 



t a) Direct control of relaxation oscillator 



Fig. 13-35. Control of frequency of oscillators. 


resulting current flow will cause point A to approach the potential A E 
between pulses. 

The control voltage as derived from the control network at the output 
of one of the forms of phase detectors which have just been described 
can be used to control the frequency of either a relaxation or a sinusoidal 
oscillator. In the case of a relaxation oscillator such as a blocking oscil¬ 
lator, it can be amplified and used directly as the voltage for the charg¬ 
ing time constant as shown in Fig. 13-35a. In the case of a'sine-wave 
oscillator, it can be applied to the grid of a reactance tube whose output 
impedance can be made to appear as a capacitive or inductive reactance 
whose magnitude varies with the control voltage. This plate circuit can 
act as part of the tuning of a sinusoidal oscillator as shown in Fig. 13-356. 
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13-12. Frequency-control Circuits—General Considerations. The ele¬ 
ments of frequency-control circuits discussed in the preceding section all 
fit into a general form of block diagram as shown in Fig. 13-36. Most of 
the discussion has centered around the forms of phase detector, with 
some discussion of frequency-control methods (direct or reactance-tube) 
and the form of oscillator (sinusoidal or relaxation), but little has been 
said about the form of control network and general control characteris¬ 
tics of the system, such as pull-in range, hold-in range, speed of response. 



Fig. 13-30. Block diagram of autoiimtic-frcquciicy-control system. 
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Fig. 13-37. Proportional- plus integral-control networks for afc systems. 

and noise immunity. 1 Some of these requirements are mutually con¬ 
tradictory, and a particular design characteristic would be determined 
by the application. Over-all performance may be evaluated by analysis 
of the system as a servomechanism. 2 In particular, it can be shown for 
independent specification of pull-in range, hold-in range, degree of noise 
immunity, and small steady-state phase error that the control network 
should be of the proportional plus integral type such as is illustrated in 
Fig. 13-37. Exact specification of the time constants depends upon the 
precise design criteria to be met. It is possible to design a “two-mode” 

system in which the hold-in and pull-in modes of operation are essentially 
independent. 5 

*G. W. Preston and J. C. Tellier, The Lock-in Performance of an AFC fire,.it 
!>roc IRE, Yol. 41, No. 2, pp. 249-251, February 1953 ' 
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CHAPTER 14 


THE SYNCHRONIZING SIGNAL GENERATOR 


The synchronizing problem in television systems was discussed in gen¬ 
eral terms in Chap. 12. With principles stated there as a basis, the 
standard synchronizing waveform for commercial television broadcasting 
in the United States was evolved. This waveform was adopted only 
after proof in the form of practical equipment was available, to show 
that this waveform could be generated by known methods of electronic 



15.75 cps 
horizontal 
scanning 
frequency 


60 cps 
vertical 
scanning 
frequency 


Yu-.. M-l. Basic timing relationships in NTSC synchronizing signal 


circuit ry without undue complexity. The outline of electronic circuitry 
of ('hap. Id presented certain classes of circuits which might be used in 
t iming operations and generation of specific waveforms. The techniques 
discussed in Chap. 13 are not all inclusive, and the experienced designer 
has available a much wider choice of circuitry than presented there. 

14-1. Basic Timing Operations. Fundamentally, a synchronizing 
signal generator for odd-line interlaced scanning and generating the stand¬ 
ard synchronizing waveform involves certain basic timing operations. 

It is fundamental, in obtaining automatic odd-line interlacing, to begin 
with a basic control frequency of twice the line-scanning frequency, with 
a frequency division by an odd number (this number representing the 
‘total number of lines) to derive the vertical-scanning (field) repetition 
ia te and a frequency division of 2 to derive the line-scanning rate. It 
was* pointed out in Chap. 12 that the exact number of lines should he 

•lift 
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chosen so that the total frequency division may be subdivided into a 
number of factors. This choice is based on the practical stability limi¬ 
tations of electronic circuits in dividing by large numbers. This sub¬ 
division is illustrated in the block diagram of Fig. 14-1, indicating the 
basic relationships in the standard system. In this case, the total num¬ 
ber of lines (52.)) is broken up into factors (15), (7), (5). If the count of 
15 were difficult to achieve, a further subdivision of (5), (3) of the factor 
of 15 is possible. 

If triggers derived from the pulse* at line-scanning and field-scanning 
rates of Fig. 14-1 are used to initiate the sweep circuits in television 

(0) -fl—fl—fl—n—n—n—n—n—n—n—n—n_n_n__n_jL_n_ji__ Horizontals 


'-1 Keying waveform 

|C) —A—^—fl---——n—fl fL II fl Keyed horizontals 

[d) -^nnnnnnmnnnnnannnn^ ven.cai pu i ses 


(e) 


if) 


nnnnnn 


Keying waveform 


Keyed verticals 


-(UllLllJUlMJUUUU^ Equalizing pulses 

<*>-(- 1 r 

(*)_ 


Keying waveform 


MMiUl 


JUUUUU 


Keyed equalizing 
waveform 


JLXJULJUuuiMrinnnnni^^ R« u u.„t vwo™ 

Fin. 1 4-2. Components of NTSC synchronizing waveform. 

cameras and picture tubes, the result is an odd-line interlaced scan with 

a total of 525 lines, including vertical retrace lines. However, in the 

complete synchronizing generator such triggers are not used directly for 

the generation of sweeps but arc used to provide basic timing pulses 

from which may be controlled all the circuits making up the composite 

synchronizing signal, as well as driving pulses for camera and monitor 
tube sweeps. 

The counters used in these timing operations may be any of the tvno. 

discussed in Chap. 13, but the modern trend is to use the cascaded |„„, P 

type with feedback because of its relative stability and freedom from con 
troi8 and adjustments. 11 

14-2. Choice of Methods. Fundamentally the stnnrtorzi i 

1 may bc thouKht ° f - « ^ 
!■ Horizontal (line-frequency) synchronizing pulses, generated contin- 
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uously at line-frequency (nominally 15,750 cps) rate, but deleted during 
the time of the vertical synchronizing and equalizing pulse periods. This 
group is represented by the operations indicated in Fig. 14-2, in which the 
generated waveform of (a) is keyed out by that of (b) during the proper 
interval, leaving the waveform of (c). Keying circuits such as those 
described in Chap. 13 are applicable here. 

2. The vertical (field-frequency) serrated pulses, which may be gen¬ 
erated continuously but keyed in only during the proper period, as indi¬ 
cated by Fig. 14-2tf to/. 

3. The equalizing pulses, which occur at a 31.5-kc rate but are keyed 
in during the times immediately preceding and following the serrated 
pulses. This is represented by the w'aveforms of Fig. 14-2</ to ?. 
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o. 14-3. Relative timing of all synchronizing pulse edges when superimposed at a 
.5-kc recurrence rate. 


The resultant synchronizing waveform is the simple addition of wave¬ 
forms of Fig. 14-2c, /, and ?. There is a common feature of all pulses 
making up the composite, waveform shown in Fig. 14-3, i.e., that all lead¬ 
ing edges of pulses are coincident in the sense that if they were all super¬ 
imposed on a linear time base at a recurrent rate of 31.5 kc, all leading 
edges would coincide. The time represented as 0 nsec is the time of all 
leading edges. 

It would be possible to design a synchronizing generator in which all 
the waveforms indicated in Fig. 14-2 would be generated by multivibra¬ 
tors operating separately. The leading edges of the waveforms of Fig. 
14-2a, d, and g could be determined by triggering pulses derived from the 
timing section shown in block form in Fig. 14-1. The relative timing of 
the 31.5-kc 15.75-kc, and GO-cps triggers for the various waveforms could 
be derived from delay lines in all or part of the trigger sources. How¬ 
ever, because of differences in multivibrator rise times as affected by dif¬ 
ferences in tubes, etc., it would be extremely difficult to maintain the 
timing of all leading edges with the required precision. 

The problem of precise leading edges could be eliminated by causing 
all leading edges to be formed by a single 31.5-kc multivibrator. This 
might be done in the following way: Triggers at 31.5 kc rate might be used 
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to control the timing of a multivibrator which generates serrated vertical 
pulses (Fig. 14-4n). Another multivibrator might be triggered at a time 
2.54 /isec later bv passing the original triggers through a delay line. The 
width of the resultant waveform could be adjusted in such a way that its 
trailing edge falls during the serrations in the vertical pulse, as shown in 
Fig. 14-45. This train <4 pulses would ultimately control the trailing 
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Fk;. 14-4. Waveforms in syinlironizing-KeiuTator design. 


edges of the equalizing pulses. 4'he keying waveform of (c), derived from 
the 525 counter, would be used to key in the pulses of (b) only during the 
equalizing pulse interval as shown in (*/). 

Still another multivibrator might be triggered at a time 5.08 nsec later 
than the original, as shown in (e), and might be keyed in by the wave¬ 
form of (/). This waveform ultimately controls the horizontal-pulse 
trailing edges. The waveforms of (</) and (g) could be combined into the 
waveform of (/*). The waveform of («) with precise leading edges could 
be added to the waveform of (/t) as in (i) and clipped to yield (j). 

A keying waveform shown in (A*) composed of 15.75-kc pulses derived 
from the 2-to-l counter and the waveform of (/) could be used in a keyer 
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to delete alternate horizontal pulses, resulting in the composite wave¬ 
form of (Z). 

A slightly different approach to the matter of leading-edge stability is 
that of generating first the narrow equalizing pulses, and subsequently 
obtaining the wider pulses by adding pulses which start at a slightly later 
time and ending at the correct time for the particular pulse in question. 1 
Clippers can be used as before to remove unwanted amplitudes. 

Many variations of the above techniques are possible. With most- of 
them, good leading-edge stability is possible, hut trailing-edge timing is 

-► + 2.54 ft sec 

•—► + 5.08 ft sec 

line } % *o 

-Oyusec triggers 

->- — 4.44 ft sec triggers 

(a) Relative timing of pulses from delay line 


li inn 


31.5 kc triggers 



Dela; 



(6) Composition of delay line 

Fin. 14-5. Delay-line techniques in synchronizing-generator design. 

a matter of multivibrator adjustments, as are the positioning'and dura¬ 
tion of the keying waveforms. 

A more modern approach in synchronizing-generator design is the use 
of a single bistable multivibrator which generates directly the composite 
waveform. This multivibrator is supplied with triggers coincident with 
successive leading and trailing edges throughout the entire frame period. 
These precisely timed triggers can be obtained directly from basic 3k5-kc 
pulses after being passed through precision delay lines. 

This technique may be illustrated as follows: 2 Reference to Fig. 14-3, 
where all pulses are shown superimposed at a 31.5-kc rate, shows that if 
all pulses are continuous (none deleted), all leading and trailing edges 
during each period occur within a time interval of 9.52 /xsec. 

1 A V. Bedford and J. P. Smith, A Precision Television Synchronizing Signal 
Generator, RCA Rev., July, 1940. This was one of the first published accounts of the 
design of a synchronizing generator for the NTSC type of waveform with stabilized 
leading-edge timings. The standards for line- and field-scanning rates were different 
then; however, the techniques described were used in synchronizing equipments for 
many years. 

* E. Schoenfeld, W. Brown, and VV. Alilwiit, New Techniques in Synchronizing 
Signal Generators, RCA Rev., June, 1947. 
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It is feasible to apply 31.5-kc triggers to the lumped-constant trans¬ 
mission line as indicated in Chap. 13 and obtain triggers from the out¬ 
put delayed in time any required amount from the original input trig¬ 
gers. The block diagram of a delay line showing the critical timings is 
shown in Fig. 14-5. This delay line may be made up of cascaded sections 
as indicated in Fig. 14-56. Characteristics of such delay lines were dis¬ 
cussed in Chap. 10. 



Fig. 14-G. Timing operations for synchronizing signal generator. 

The triggers obtained from taps on the delay line determine all lead¬ 
ing and trailing edges in the synchronizing waveform. Keying wave¬ 
forms may be generated which will allow the appropriate triggers to be 
keyed in to actuate the final bistable multivibrator. 

The advantage of this general method over the previously discussed 
techniques lies in the inherent accuracy of delay-line triggers. The tim¬ 
ing of every leading and every trailing edge is determined precisely by 
these triggers, and there need be no multivibrator width controls in the 
entire system. 

These techniques, coupled with the use of binary counters in the fre¬ 
quency-divider system, make possible a synchronizing-generator design 
essentially free of controls and adjustments. 

14-3. Synchronizing-signal-generator Design. Many variations in 
design which utilize the principles discussed in the preceding section are 
possible, of which that to be described here and in the following section 
is but one. 1 A block diagram of the basic timing section is shown in 
Fig. 14-6. Narrow 31.5-kc pulses derived from the basic control fre¬ 
quency f c are used to initiate the 525 counter and also supply pulses to 
the lumped-constant delay line, as well as to a 2 counter associated with 

1 Television Laboratory, Electrical Engineering Department, Syracuse University. 
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horizontal synchronizing pulses. The output from the 525 counter con¬ 
sists of rectangular waveforms of GO cps recurrence rate. The waveform 
shown is inherent in the output of a 5-count binary counter. Both 
polarities of this waveform are available and are made use of. The time 
ti is indicated merely as a reference time which precedes all vertical and 
equalizing pulse groups. 

The 0-jxsec 31.5-kc triggers might be used directly as leading-edge trig¬ 
gers, if it were not necessary that alternate ones be deleted except during 
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Fio. 14-7. leading-edge trigger selector (block diagram).. 


the vertical-pulse and equalizing-pulse intervals. The circuit of Fig. 
14-7 is used partly in the process of deletion of-unwanted triggers and 
also as part of the trailing-edge trigger selector. This circuit, however, 
is referred to as the leading-edge trigger selector. 

An output from the 525 counter is applied to the amplifier V36 with 
such a polarity that the keyer tube V38 is rendered inoperative except 
during the interval h + 0.2 t r , occurring once during each field (vertical- 
scanning) period. During this period, pulses at —2 nsec approximately 
(the exact time is not important) from the delay lines are allowed to pass 
through the keyer and supply triggers to the 31.5/6-kc counter. A rec¬ 
tangular waveform from the output of the final counter (5.25/6) starts 
with the first of these triggers and remains in one position during an 
interval of 18 pulses. At the end of this period, a pulse is supplied to 
the shutoff multivibrator, which supplies an output back to the original 
amplifier tube in such a way as to prevent the keyer from passing any 
more pulses. The single long pulse thus derived from the counter is 
Applied to a mixer tube along with rectangular waves from the fj 2 
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divider. The output of the mixer V51 is such that the mixed wave¬ 
forms add to render the keyer V49 inoperative for alternate 31.5-kc 
periods except for the duration of the long pulse. The long pulse extends 
for a duration of 18 input pulses, which corresponds to a period 9//. 
This interval can be seen to represent the equalizing and the serrated 
pulse period. Thus, the output of the keyer Y49, into which are fed 
0-/isec pulses at a 31.5-kc rate, contains all the leading-edge pulses which 
must be fed to the final bistable multivibrator. 
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M-8. Trailing-edgc trigger circuits (block diagram). 


V 47 a is a cathode follower which applies trailing-edgc pulses from the 
60-cps rectangular to the 31.5/6. and 5.25/6 counters. These pulses, 
referred to as recycling pulses, ensure that the counters are in the cor¬ 
rect stable position for the subsequent period. 

The trailing-edge triggers are formed by the circuit of Fig. 14-8 with 
the aid of some of the outputs of Fig- 14-7. 

An output is taken from the 31.5/6 counter, divided by 2, and then 
mixed with the 36-counter output previously described. The resultant 
waveform is applied to the vertical trailing-edgc trigger V56, to which 
are also applied — 4.44-/*sec pulses from the delay line. This tube is 
rendered operative only during the serrated pulse interval as determined 
by the combined keying waveform applied. 

The rectangular waveform derived from the 5.25/2 counter is also 
applied to the equalizing-pulse trailing-edgc keyer, to which arc applied 
+2.08-/isec triggers. The equalizing trailing-edge keyer V57 allows these 
pulses to appear at the output only during the equalizing pulse interval. 
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Outputs of the 5.25/6 multivibrator ^ and the 31.5/2 multivibrator 
are applied to another mixer, V55. From this mixer, an output is 
derived which renders the horizontal trailing-edge keyer V58 inopera¬ 
tive during the serrated and vertical pulse interval and during alternate 
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(6) Bi-stable synchronizing waveform multivibrator 
Fig. 14-9. Pulse-forming and output circuits (block diagram). # 
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Fio. 14-10. Detail of counter circuits. 


31.5-kc periods. To this horizontal trailing-edge keyer are also applied 
-4-5.08-psec pulses. The outputs of Y56, V57, and V58 are combined to 
furnish trailing-edge triggers shown in Fig. 14-9a to the final bistable 
multivibrator, shown in block diagram form in Fig. 14-96. 

14-4. Synchronizing Signal Generator, Circuit Details. The com¬ 
plete circuit details corresponding to the block diagrams of Sec. 14-3, for 
generation of the NTSC synchronizing waveform, are shown in Figs 
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14-10 through 14-15. The counter chains are not shown, but the detail 
of each counter stage is shown in Fig. 14-10. The feedback networks 
are chosen in empirical fashion in accordance with the principles dis¬ 
cussed in Chap. 13. 

Circuit details of the leading-edge trigger generator are shown in Fig. 
14-11. These circuits correspond to the block diagram of Fig. 14-7. 
The circuit will first be described with the shutoff rendered inoperative 



(V48 removed from socket). In this ease, V3G is an inverter-amplifier 
for the waveform derived from the 525 counter (Fig. 14-12a). The out¬ 
put of V3G is applied to the suppressor grid of V38, thus preventing plate 
current from flowing except during the positive cycle of the input volt¬ 
age (Fig. 14-125). The d-c restorer Y37a is necessary to prevent the 
suppressor grid of V38 from assuming a positive value due to secondary- 
emission effects. Triggers from the delay line of approximately -2 M sec 
relative to leading-edge pulses are applied to the control grid of V38. 
Output triggers (Fig. 14-12c) are applied to the 30 counters. The output 
of these counters would be the waveform of Fig. 14-12 d und should be a 
single pulse for each GO-eps period. This requires that the counters be 
rendered inoperative after the first output pulse is formed. If the shutoff 
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tubes V47b and V48 are inserted in the circuit, the trailing edge of the 
output-counter waveform (Fig. 14-12c) is applied as a trigger to the 
trigger amplifier V47b. This trigger is applied to the monostable multi¬ 
vibrator V48 as a negative trigger to the grid of V48b. This application 

h t t + 0.2 t„ 



[a) Waveform from 525 counter 


(6) Keying waveform applied to V38 
(shutoff inoperative) 
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(c) Triggers from V38 
(shutoff inoperative) 

i_r 

( d) Output from 36 counter 

-*_ L 

(e) Trigger to shutoff multivibrator 


if) Shutoff waveform applied to V36 



(g) Keying waveform applied to V38 
(shutoff multivibrator operative) 


-TUinj iruuum. 

( h) Waveform applied to keyer (V49) 

Pio. 14-12. Waveforms in leading-edge trigger generator circuits. 

causes a positive rise at the plate of V48b as it cuts off. V48 remains cut 
off for a time determined by the multivibrator time constant. This posi¬ 
tive waveform is applied back to one grid of V36. This causes a negative 
voltage to be applied to the suppressor of the keyer V38 at a time corre¬ 
sponding to the trailing edge of the first cycle from the 36 counter. The 
time constant of the multivibrator is chosen sufficiently long so that V38 
will remain inoperative until time ( 2 (Fig. 14-12/), which is later than the 
fall of the regular input waveform applied from the 525 counters. The 
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mixer V38, with the combined waveform inputs, has the output of Fif. 
14-120, which is applied to the keyer. As a result of this action, only one 
pulse is obtained from the 36 counter during each vertical-field periods 
This pulse lasts for a duration of 9 H f which is the duration of the equal¬ 
ising and serrated pulse interval. 



The output of the 36 counter along with that of the 31.5/2 counter is* 
applied to the mixer V51, with the resultant waveform of Fig. 14-12A 
applied to the suppressor grid of the keyer V49. This allows O-^sec 
pulses from the delay line to appear at the plate of the keyer in accord¬ 
ance with all required leading edges. These pulses are used as triggers 
for the bistable multivibrator which forms the final synchronizing 
waveform. 

The circuits shown in the block diagram of Fig. 14-8 and the schematic 
diagram of Fig. 14-13 are used primarily in supplying trailing-edge trig¬ 
gers to the main bistable multivibrator. A 2 counter, V46, is supplied 
from the 31.5/6 counter to produce an output waveform (Fig. 14-146) 
which bears the relation shown (Fig. 14-14a) to the 9 H waveform of the 
3A-count output. These two waveforms are added in the mixer V54 to 
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produce the waveform of Fig. 14-14c in. the plate circuit. This mixed 
waveform is applied to the suppressor grid of the vertical trading-edge 
keyer V56. Triggers at — 4.44 /xsec are applied to the grid of this tube. 
These triggers are allowed to appear at the output by the keying pulse 
only during the proper interval for*vertical trailing-edge triggers. 

A 9 H gating waveform of opposite polarity is combined with a 31.5/2 

square wave in the mixer V55 to 
produce the waveform at the plate 
as shown in Fig. 14-14d. This 
waveform applied to the grid of 
the horizontal trailing-edge keyer 
V58 allows +5.08-/rsec pulses to 
appear at the plate at a 15.75-kc 
rate during line-scanning intervals 
and at a 31.5-kc rate during equal¬ 
izing and vertical pulse intervals. 

The 3 H gating waveform (Fig. 
14-146) is applied to V57, which 
allows +2.54-/xsec pulses to pass 
during the equalizing pulse period. 
The composite trailing-edge trig¬ 
gers when combined in the common 
plate circuits of V56, V57, and Vo8 
are shown in Fig. 14-14e. These 
are in the proper form to be applied 
to the main bistable multivibrators. 

It is well to point out that the 
delay-line outputs specified as 
— 4.44, —2,0, +2.54, and +5.08 
are not timed in exactly this fashion 
as derived from the delay line. These are the relative times for the actual 
final leading and trailing edges as produced by the final bistable multivibra¬ 
tor. Because of inherent delays in all triggering and gating circuits, the 
actual pulses from the delay line must be somewhat in advance of these 
times. These can be adjusted to allow the proper compensation by 
proper selection of delay-line taps. 

The cathode biasing of both leading- and trailing-edge keyers is done 
in order that the plates may be directly coupled to the bistable multivi¬ 
brator elements without exceeding the plate-voltage ratings of the keyer 
tubes. 

The bistable multivibrator, together with the clipping and output cir¬ 
cuits which follow, is shown in Fig. 14-15. This bistable multivibrator 
has cathode-follower isolation between plates and grids. Leading- 
edge triggers are applied in parallel with the plate circuit of V52a and 
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(6) Output of 5.25/2 counter 
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Fio. 14-14. Waveforms used in genera¬ 
tion of trailing-edge triggers. 
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Flo. 14-15. Synchronizing waveform multivibrator and output circuit*. 
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Fio. 14-10. Waveforms in the synchronizing multivibrator circuits. 
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trailing-edge triggers to the plate of V53a. The di\ xder networks in the 
^rids of the cathode followers reduce the amplitude of grid swing, with 
the RC peaking circuits improving the rise time. Since the grids of the 
opposite sides of the multivibrator are driven from these cathode fol¬ 
lowers, the rise times are improved because the tube input capacitances 
are driven from a relatively low impedance. The output of the bistable 
multivibrator is applied to the clipper V59. The polarity of the pulses 
is negative at this point. The bottom portions are clipped, which aids 
in reducing the rise times. V59 amplifies and inverts the clipped pulses, 
which are then applied to the output tube V60. 


Output of 
525 counter 
point A of 



Blanking 
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output 


Fio. 14-17. Composite blanking waveform generator (block diagram). 


The bistable multivibrator and clippers in this particular design pro¬ 
duce output pulses having rise times of approximately 0.025 jusec, which 
is much faster than that specified by NTSC standards. These may thus 
be used also as a convenient source for video-amplifier testing. 

The waveforms at various points of the multivibrator and output cir¬ 
cuits are shown in Fig. 14-16. 

14-6. Auxiliary Output Circuits. The complete synchronizing signal 
generator, in addition to furnishing the standard synchronizing wave¬ 
form, must furnish certain other waveforms, their exact nature depend¬ 
ing somewhat upon the particular system in which they are used. In 
any case, the composite blanking waveform, in accordance with that 
specified in the standard picture signal, must be supplied. This is not 
difficult, once the basic timing circuits are developed. In the synchro¬ 
nizing generator being discussed, the operation of the circuits for generat¬ 
ing the composite blanking signal may be deduced by reference to Fig. 
14-17 and Fig. 14-18. A partially differentiated pulse from the 525 count, 
beginning at t\, allows the first — 2-^sec pulse which occurs after this time 
to be passed by the keying amplifier V21. This is used as a trigger for 
the vertical-pedestal multivibrator, which is of the monostable type. 
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The width of the vertical pedestal is determined by the time-constani. 
adjustment. The basic multivibrator consists of V22a and V23a. The 
input grid of V23a, which is the a-c-coupled side of the multivibrator, is 
separated from the driving plate by the cathode follower V226. This 
cathode follower speeds up the rise time at the grid since the coupling 
capacitor may be recharged through the low impedance of the cathode 
follower rather than from the high-impedance plate circuit of the preced¬ 
ing tube. 


from 525 counter 



The horizontal pedestals are derived in a similar fashion. In this case, 
the driving triggers are obtained from the keying tube V32, to which js 
supplied — 2-/isec pulses with only alternate ones keyed in by the rec¬ 
tangular wave from the 31.5/2 counter. The pedestals arc mixed in the 
common plate circuit of V23b and V26b. The resultant pulses are nega¬ 
tive and applied to the clipper V34 and then to the output tube V35. 

Waveforms at various points in the circuit are shown in Fig. 14-19. 
The rise times of the output pulses, as well as the synchronizing wave¬ 
form, are much faster than required by NTSC standards and may be used 
as a source of pulses for testing video amplifiers. 

Other auxiliary signals which might be required are camera driving 
signals. These signals can be generated in exactly the same manner as 
the horizontal and vertical portions of the composite blanking signal, and 
pulses can be made any desired width by a variable control of multivi- 
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brator time constants. Where long cable lengths to individual cameras 
are used, pulses in advance of — 2 /xsec might be used as the fundamental 
leading-edge pulse. This will produce a driving signal in advance of the 
pedestal leading edge to compensate for cable delay. These driving sig¬ 
nals are those specified in the NTSC standards. In some equipments, 



these driving signals are not at all necessary, since all scanning circuits 
in both cameras and monitoring equipment may be derived from trigger¬ 
ing pulses. This was true in the equipment for which the design just 
described was evolved. In this instance, vertical driving pulses could be 
obtained directly from a keying tube identical to V21, properly amplified 
as shown in Fig. 14-20a. Horizontal driving signals might be obtained 
in a similar manner with a keying tube identical to V32 as shown in 
Fig. 14-206. 

14-6. Basic Control-frequency and Power-system Lock Circuit. For 

reasons discussed in Chap. 12. the basic vertical-scanning frequency was 
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chosen to be at 60 cps rate. Further, it has been common practice until 
recent times to control the basic frequency of the whole system with the 
60-cps power system. The advent of regional and nationwide networks 
has made this a less useful practice, but the practice is still sufficiently 
extensive to warrant inclusion of methods of doing it here. 

The general methods of power-system frequency-synchronization cir¬ 
cuits may be based on the frequency-comparison circuits of Chap. 13. 



One of the output waveforms of the 525 counter is compared with the 
60-cps power-system voltage. A d-c reference level is obtained which is 
proportional to the phase difference between these two voltages. This 
control voltage is then applied to the basic 31.5-ke oscillator in such a 
way as to shift its frequency sufficiently to bring the two 60-cps voltages 
back into phase. 

The basic control-frequency generator and the GO-cps lock circuit are 
shown in the block diagram of Fig. 14-21. Power-system controlled 
operation is available by means of a switch. Inputs from the vertical- 
pedestal generator and the 60-cps power system are applied to two inputs 
of the comparison tube V24 of Fig. 14-22. The output of this tube is the 
sum of the two inputs in whatever relative phase position they happen to 
have. This is shown in Fig. 14-23. The cathode circuit of V25a acts as 
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Fio. 14-21. Block diagram of lino-frequency control circuit. 


3Ukc 
from crystal 
oscillator 



a peak detector for this waveform. This is fed to a cathode follower 
which supplies the d-c control voltage, which, in turn, determines the 
recurrence rate of the blocking oscillator V8, which furnishes 31.5-kc 
pulses used as basic timing pulses in the remainder of the synchronizing 
generator. A shift in the position of the pedestal pulses relative to the 
phase of the 60-cps power phase thus varies this d-c control voltage. 
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The speed control is adjusted so that the rate is exactly correct when 
the relative position is that indicated in Fig. 14-236. 

It is sometimes desirable to lock the frequency and phase of line- and 
field-scanning rates of a locally generated picture to those of pictu..s 
from a remote source. This control can 
be accomplished by controlling the phase 
of the output of a local synchronizing 
signal generator from the synchronizing- 
signal portion of the incoming signal. 

To do this, a form of horizontal afe cir¬ 
cuit can be used to control the frequency 
of the basic control oscillator from the 
incoming horizontal pulses, combined 
with automatic phase comparison of 
the frame rate to that of the external 
source. This function is not, strictly 
speaking, part of the synchronizing sig¬ 
nal generator and will be discussed ir 
more detail in Chap. 15. 

If locked operation is not desired, the 
basic frequency may be controlled by a 
crystal oscillator operating at either the 
31.5-kc rate or a multiple of it. 

If the crystal frequency is a multiple 
of 31.5 kc, then a counter is used to obtain 
the required 31.5-kc pulses, which can be used to synchronize the block¬ 
ing oscillator. The block diagram of such a system is shown in Fig. 14-24. 
The advantage of the above type of operation is that a basic control fre¬ 
quency higher than f c is available. This higher frequency is advanta- 



(a) Showing possible relative positions 
of 60 cps line and vertical pedestal 



(6) Showing correct relative positions 

Kir,. 14-23. Basic control voltage 
derived from line frequency. 
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pulses out 


Fio. 14-24. Crystal control of basic control frequency. 


geously used in the production of synchronized bars for checking horizon¬ 
tal linearity in a scanning system. 

14-7. Additional Requirement of Synchronizing Generator for Sub- 
carrier Color System. Although not basic to the production of the syn¬ 
chronizing waveform for receiver horizontal- and vertical-scanning syn¬ 
chronizing control, the standard color system as evolved by the NTSC 
requires the use of a color subcarrier at an odd multiple of half the line- 
scanning frequency. As pointed out in Chap. 13, this frequency can best 
be obtained by generating it with a crystal-controlled oscillator and then 
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counting down by the factor /,/(n./4) to obtain the baaic control fre¬ 
quency Sc The factor ». is the 455th multiple of half the lme-scanmng 
frequency, which instead of the nominal 15,750 cps becomes the exact 

15,734.26 cps for reasons discussed m Chap. 13. The additional dm er 

chain for performing this function, 

together with the subcarrier fre¬ 
quency output,* is shown in block- 
diagram form in Fig. 14.25. 

In general, because of the upper 
frequency limit of the various forms 
of relaxation oscillators, the fre¬ 
quency-dividing techniques which 
have previously been discussed are 
not applicable for dividing from 
the color-subcarrier frequency. 
Rather, nominally sinusoidal oscil¬ 
lators might be tuned to the desired 
subharmonic of the control fre¬ 
quency and locked to this frequency 
by injection of the control voltage. 
This can be looked upon as a 1-to-l 
circuit with a harmonic of the locked 
oscillator being locked to the con¬ 
trol frequency. Proper lock-in op¬ 
eration depends upon the harmonic 

content as determined by the nonlinearity Of the oscillator tubes, or pref¬ 
erably other circuit elements. 1 Other techniques also are available for 

performing this function. 

»William L. Hughes, Analysis and Performance of I^ed-MdUator ^ency 
Dividers Employing Non-linear Circuit Elements, Proc. IRE, VoL 41, No. 2, pp. 241- 

245, February. 1953. 
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Fio. 14-25. Additional elements of syn¬ 
chronising signal generator for NTSC 
color system. 





CHAPTER 15 


TELEVISION CAMERA AND SIGNAL 
PROCESSING EQUIPMENT 


16-1. Elements of Video Signal Circuits. Video-signal-generating 
equipment for the standard > T TSC monochrome or similar signal consists 
of several basic elements: (1) the pickup tube with its associated voltage 
and control circuits, (2) the synchronizing information generator, (3) the 
video signal channel, which includes blanking and synchronizing signal 
insertion, (4) in the case of multiple-camera operation, a signal selector, 
“mixer-amplifier,” or “switcher” circuit for selecting the output of any 
one channel, (5) special-effects circuits for mixing picture information 
from more than one channel in order to display combined pictures from 
more than one camera, and (6) the associated power-supply equipment 
for the various units. The physical arrangement of these elements 
depends ujfon operational convenience and for commercial broadcasting 
is based on more or less standardized techniques which have been worked 
out through extensive experience with the problems of program produc¬ 
tion. Special systems for particular applications might, however, be 
devised which depart markedly from the usual arrangement. In this 
category falls video signai equipment for various industrial or military 
purposes. In the case of video equipment for broadcast service, com¬ 
mercially manufactured units are arranged for as much interchangeability 
of these units as practical. 

The camera for commercial telecasting should be as portable as pos¬ 
sible, and the operator should be required to make only a minimum num¬ 
ber of the electrical adjustments which are needed to maintain satisfac¬ 
tory camera-tube operation. Therefore, as much of the circuitry and 
control equipment as possible should be remote from the camera and be 
controllable by other personnel. However, certain critical circuits, such 
as high-voltage divider networks and low-level video preamplifiers, must 
be located in the camera itself. Usually, a picture monitor presenting 
the video signal at the preamplifier output is attached to the camera and 
is used as an “electronic viewfinder” for the camera operator. 

Cameras for “live” pickups are usually fitted with a lens turret con¬ 
taining three or four lenses of different focal length, any one of which can 
be rotated into position in front of the pickup tube by the turn of a knob. 
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One member of an operating team might concern himself with camera- 
tube control circuits and with video gain and blanking adjustments. I e 
combination of these circuits, together with picture monitor tube and 
waveform monitor tube, usually is incorporated into a package known 
as the camera control unit. The video input to this unit consists of the 
picture signal from the preamplifier located in the camera. This input 
signal may or may not include black reference level during retrace time. 
The output consists of amplified video, including black level as inr- 
preted by the operator. If the output is to go directly to a transmitter 
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or to a network line, synchronizing information is added in this unit, and 
the output becomes the standard XTSC composite picture signal as 
described in Chap. 12. Otherwise the blanked picture signal, without 
synchronizing information, goes to a mixer-amplifier which can make use 
of the input from any one of several different cameras. Synchronizing 
information can then be added in the mixer-amplifier to whichever cam¬ 
era is chosen by the operator of this unit, who might be the program 
director or his assistant. 

The synchronizing generator as described in Chap. 14 is a separate 
unit and, in addition to providing.the NTSC standard synchronizing sig¬ 
nal, and composite horizontal and vertical blanking signal, provides tim¬ 
ing pulses for initiation of the camera-tube sweep circuits and the various 
monitor sweep circuits. 

The various units involved in producing the composite picture signal, 
, consisting of one or more cameras along with associated power supplies, 
form a camera chain. The individual units may be designed for port 
able or mobile operation, in which case the packaging is of the “suitcase 
type,” or they may be designed primarily for studio operation. In the 
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latter instance, part of the equipment, particularly power supplies, is 
usually rack-mounted, and the portion under operator supervision is 
mounted in control desks, with associated picture and waveform monitor 
equipment. A typical portable camera chain is shown in block form in 
Fig. 15-1. This particular camera chain has an additional unit known 
as a camera auxiliary mounted between the camera and its normal con¬ 
trol equipment, an arrangement which relieves the camera itself of cer¬ 
tain noncritical circuits, which must, however, be reasonably near the 



I'm. 15-2. Photograph of portable camera chain with two cameras and control units 


fr>m a four-camera chain shown. (Courtesy of Allen li. DuMont LuLoiutoric*.) 


camera. A photograph of such a chain is shown in Fig. 15-2. Only two 
cameras and their associated control units and power supplies are shown; 
however, the mixer-amplifier and distribution amplifier are capable of 
handling two additional camera signals. 

A portable camera chain is often used for fixed station operation in 
studios, and arrangements are available for fitting the units into specially 
constructed racks and operating desks. 

In camera-chain equipment, whether of the portable or studio variety, 
a considerable amount of flexibility can be achieved, and individual units 
of different manufacture can usually be adapted to any installation with 
a reasonably small amount of effort. The intermingling of studio and 
portable equipment is not uncommon. 

If the NTSC color signal is to be generated, some of the specifications 
on performance become more rigid and certain additional functions are 
required. The camera itself must produce three separate color signals 
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from the same scene, either by use of three separate pickup tubes with 
the proper optical system and filter arrangement, thus providing simul¬ 
taneous color-signal outputs, or by use of a single pickup tube with a 
rotating color filter, providing sequential color-picture outputs. If the 
latter system is used, the sequential color signal must be later converted 
to a simultaneous signal, by use of a combination of three picture tubes 
and three pickup tubes. In either case, the complete color signal must 
be synthesized by an additional coding unit somewhere in the system, 
usually between the camera-tube preamplifier and the rest of the normal 
camera signal channel equipment. Provision must also be made for 
insertion of the color reference burst in the composite signal. 

16-2. Image Orthicon Camera and Control Circuits. The image 
orthicon tube and typical essential associated circuitry were shown in 
Fig. 4-19. The various controls which are shown as being external to 
the camera are located in the camera control unit. In addition to these 
control voltages, other signals which must be supplied to the camera 
through cables are horizontal and vertical synchronizing or driving pulses 
(or sometimes sweep waveforms) for camera and viewfinder sweep cir¬ 
cuits, and a composite horizontal and vertical blanking signal for sup¬ 
plying a negative pulse to the image orthicon during the horizontal and 
vertical retrace periods. The sweep circuits for both the camera tube and 
the electronic viewfinder are of the general form described in Chap. 11. 
Usually some effort is made to make use of some form of feedback in 
order to ensure good linearity The high voltage for the image orthicon 
is usually obtained from an r-f oscillator type of supply, whereas that for 
the viewfinder is more often the regular form of flyback supply derived 
from the horizontal sweep circuits. Because of the nature of the cir¬ 
cuitry involved and the rapid retrace times required, the horizontal sweep 
is almost always generated in the camera itself. This situation usually 
applies to the vertical sweep as well. However, in some designs, the ver¬ 
tical sweep is generated in the associated rack equipment and transmitted 
over a low-impedance line at the proper impedance level to match the 
camera deflection-yoke impedance. This procedure applies to studio 
equipment only, since the distances involved in portable operation might 
be too great. 

Particularly in portable equipment, the problem of cabling between 
camera and control equipment becomes somewhat acute because of the 
large number of signal and voltage control leads. It is sometimes pos¬ 
sible to make wires in cables do double duty by using a single lead for a 
d-c camera control voltage and an a-c signal which might be either video 
or camera driving pulse. 

The video preamplifier, common to all camera equipment, will be dis¬ 
cussed in detail in Sec. 15-8. In general, it accepts the output current 
from the collector of the electron multiplier of the image orthicon, 
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develops an input voltage across a sufficiently high load resistor to give 
a favorable signal-to-noise ratio (see Chap. 4), amplifies this signal and 
corrects for the poor h-f response resulting from the shunt capacitance 
across the output of the image orthicon, and delivers the amplified sig¬ 
nal from a low-impedance source such as a cathode follower to a low- 
impedance cable at a signal level ranging from 0.1 to 1 volt. A typical 
block diagram of these elements is shown in Fig. 15-3. 

It is sometimes difficult to obtain the proper uniformity of background 
brightness signal by means of the usual image orthicon controls. There¬ 
fore, a simple “shading” signal is usually added to the video signal either 
in the preamplifier or in the following equipment, but ahead of the main 



correction network 

Fig. 15-3. Block diagram of camera preamplifier for image orthicon 


Video 

output 


video gain control. Usually a saw-tooth waveform of horizontal fre¬ 
quency having either positive or negative polarity is sufficient to bal¬ 
ance out any nonuniformity in the original signal, although a vertical 
shading signal is sometimes used also. 

An image orthicon camera with side and top covers open is shown in 
Fig. 15-4. It is shown complete, with the detachable viewfinder in 
place. At the front of the camera is a lens turret with four different 
lenses, any one of which can be rotated into position in front of the image 
orthicon by a handle on the rear. Lens focus is controllable by a flexible 
shaft which runs down to one of the camera handles. 

Additional elements which are involved in a three-color camera are 
shown in Fig. 15-5. Three separate image orthicons and preamplifiers 
together with appropriate lens, filter, and mirror system are needed. 
For accurate color reproduction, it is necessary that the output signals 
of the three image orthicons be properly balanced and that each operate 
below the saturation level of the transfer characteristic, even at maxi¬ 
mum highlight brightness. The available contrast range of image 
orthicons has been improved for this application by a closer target- 
to-mesh spacing than in previous tubes, 1 as shown in Fig. 15-6. The 
different sensitivities of individual tubes are compensated for by neutral 
density filters which balance the illumination levels so that all three tubes 
operate over essentially identical regions of their transfer characteristics 

' It. G. Ncul.amjon, A. A. Itotow, and F. S. Veith, Imago Orthicons for Color 
Cameras, Proc. IRE, Vol. 42, No. 1, pp. 161-165, January, 1954. 
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An alternative approach to the color camera is the system shown in 
Fig. 1 o-7. 1 A single pickup tube is scanned at three times the normal 
rate and is used with a rotating color filter such that for each normal 



Fig. 15-4. Details I.t 
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Fi<;. 1 .">-5. Elements of three-color camera. 


vertical field a sequential three-color video signal is produced. These 
color signals are applied separately to three cathode-ray tubes with the 
aid ot the gating amplifiers as shown. The resultant images are viewed 
by three separate pickup tubes, which if scanned at normal rates produce 

1 C. ( '*. Floyd, ('hromaroder ( olon*:i>t ing, I HE Trans. Broadcast Transmission Syst. f 
pp 40 54, Marrh, 1955. 
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separate simultaneous red, blue, and green signals. This system has an 
advantage over the three-tube camera in multiple camera systems in that 
the converter unit consisting of the three cathode-ray tubes and pickup 
tubes need not be duplicated for individual cameras. 



Fio. 16-6. Response characteristics of image orthicon tube suitable for color systems 



5 
0 
5 

Fio. 15-7. Elements of color system using only one pickup tube in the camera. 





16-3. The Iconoscope FUm Camera. Prior to the advent and improve¬ 
ment of the image orthicon, the iconoscope was used extensively for live 
pickup and for film. The improved sensitivity of the image orthicon 
however, has made its use almost universal for live pickup. On the 
other hand, the inherently lower noise and better resolution which can 
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be obtained only if extreme care is used in the preamplifier design, make 
the iconoscope more satisfactory for film reproduction. For such use, 
adequate illumination is not such a serious problem. Even more impor¬ 
tant are the lower cost and the more favorable transfer characteristic of 
the iconoscope. 

The iconoscope and typical voltage and control circuits were shown in 
Fig. 4-10. In addition to these controls, an arrangement of edge and 
back lights is used to improve the efficiency of the mosaic, as pointed 

out in Chap. 4. 

A particular problem arises in 
connection with the scanning of the 
mosaic which results from the angle 
which the axis of the electron gun 
makes with the mosaic. If con¬ 
stant-amplitude horizontal-scan¬ 
ning currents are applied to the de¬ 
flection yoke, the result would be 
the trapezoidal distortion shown 
in Fig. 15-8a. In order to correct 
for such distortion, the horizontal¬ 
scanning waveform, instead of being 
of constant amplitude, must be 
modulated by the vertical-scan¬ 
ning frequency saw tooth as shown 
in Fig. 15-86. This modulation 
precludes the full use of the high-efficiency horizontal-scanning systems 
described in Chap. 11. The situation with regard to scanning efficiency is 
not serious, inasmuch as the acceleration potential of the iconoscope rela¬ 
tive to that of a picture tube with comparable neck dimensions and maxi¬ 
mum scanning angle is quite low. Thus, deflection sensitivity is not a 
major problem. The required scanning amplitude modulation, usually 
referred to as “keystone correction,” may be accomplished in a variety of 
ways. One of these is shown in Fig. 15-9a, where V\ is the usual horizontal- 
sweep clamping tube. The charging resistor, instead of being returned to 
a fixed potential, is returned to a potential which varies as the amplitude 
of the vertical-field-scanning saw tooth. The charging capacitor, instead 
of being returned to ground, is returned to the cathode of a cathode fol¬ 
lower on the grid of which is a waveform of opposite polarity. The 
result is the variable-amplitude horizontal saw tooth shown. A slight 
variation of the above method is that of Fig. 15-96, in which the variable- 
amplitude bootstrap saw-tooth generator develops the waveform at point 
(a) as shown. This waveform is amplified by the difference amplifier, 
v hich adds in the negative vertical-saw-tooth component to produce the 
final corrected waveform at point (6). The same function may be accom- 




OutJine of 
scanning 
raster 


(a) Distortion resulting from constant 
amplitude horizontal scanning 



(b) Corrected horizontal scanning waveform 

Fxo. 15-8. Trapezoidal distortion 
iconoscope scanning pattern and its 
correction. 
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plished by generating a constant-amplitude horizontal frequency saw 
tooth at a low level and using a balanced modulator which makes use of 
the nonlinear characteristic of tubes to provide the 1-f modulation. The 
undesired 1-f components introduced by the modulation process can be 
filtered out, leaving the desired waveform. 



(a) 



The sweep amplifiers are usually operated in class A fashion with the 
plate coupled to the horizontal deflection yoke, which is usually low- 
impedance, through an impedance-matching transformer. Because of 
the impedance levels involved, the distributed capacitance is not a seri¬ 
ous problem, and simple resistance damping can be used. This mode 
of operation is possible, of course, because of the high deflection sensi¬ 
tivity relative to that of the picture tube or the image orthicon. The 
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vertical-sweep amplifiers are of the conventional type, preferably with 
feedback in order to improve the linearity. They should, however, have 
a certain amount of controllable nonlinearity to correct for nonuniform 
line spacing resulting from a variable scanning angle. 

Shading. The shading problem, mentioned briefly in connection with 
the image orthicon camera, is much more serious in the case of the icono¬ 
scope and results from the spurious signal generated as a product of the 
secondary-emission phenomena as described in Chap. 4. The signal, 
caused by variations in mosaic potential over rather broad areas, can be 
balanced out by the proper inverse signal added into one of the low-level 
stages of the video preamplifier (often the input stage). The correction 
signal is made from the sum of several signals at field- and line-repeti¬ 
tion rates and some multiples thereof. These signals are of several differ¬ 
ent waveforms, usually consisting partly of horizontal and vertical saw¬ 
tooth voltages of variable amplitude and either polarity, of horizontal 
and vertical parabolic waveforms, and of the fundamental and second 
harmonic of line and field frequencies. The components are variable in 
phase as well as magnitude. Additional signals may be obtained from 
rectification of these sine-wave components. 

The generator of the shading signals is usually mounted in the rack 
equipment associated with the iconoscope camera chain. The signai, 
however, is under the control of the operator at the camera control desk, 
and the signal is usually inserted at the low-level stages of the camera 
preamplifier. A typical iconoscope camera control desk houses the con¬ 
trols for shading, as well as gain and pedestal adjustments. The opera¬ 
tor has the benefit of both a picture monitor and horizontal and vertical 
waveform monitors for making shading adjustments. Other controls, 
such as focus and other camera-tube adjustments, are included. 

16-4. Film and Slide Projectors for Use with Pickup Tubes. Both 
image orthicons and iconoscopes are useful for televising of motion-pic¬ 
ture film, although the iconoscope is generally more satisfactory. It has 
been, until recently, almost universal practice to use an intermittent- 
motion type of projector similar to that used in motion-picture practice. 
This system does not lend itself readily to use with a nonstorage type of 
pickup tube for direct scanning of motion-picture film. Were a nonstor- 
age type of tube used, the pulldown time of the film must fall within the 
vertical blanking interval. Such speed is difficult to achieve because of 
mechanical limitations and strains on the film sufficient to break it. 
Successful operation with storage-type tubes is made possible by utiliz¬ 
ing the blanking period for storage of information, i.e., the mosaic is 
illuminated during this interval by a high-intensity light source, which 
may be an incandescent light source with a shutter properly synchro¬ 
nized with the field period 1 or a high-intensity pulsed arc light in a shut- 

1 E! W. Engstrom, G. L. Beers, and A. V. Bedford, Application of Motion Picture 
Film to Television, J. Roc. Motion Picture Engis., July, 1939. 
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terless arrangement. 1 With such arrangements, the film may be pulled 
down during what is normally the storage time (the active scanning 
time). Thus, the motion of the film past the camera lens is intermittent. 
In the case of motion-picture film with sound track, the intermittent 
motion must be converted to continuous motion before the film reaches 
the sound transducer. This conversion may be made by winding it on 
continuous moving sprockets and making use of flywheel damping to 
remove vibrations. 

Motion-picture film is normally run at a speed of 24 frames per sec¬ 
ond. Therefore, in order to use it with the standard CO fields per second 
television system, the pulldown arrangement is such that successive 
frames are shown alternately two and three times; thus, 1 film frame is 
shown for i£ 0 sec, the next for Ao sec. Two frames last % 0 sec, and 
24 frames last 1 sec. 

Iconoscope cameras and their associated control equipment, together 
with intermittent-type motion-picture projectors, are relatively expen¬ 
sive. Also, the need for continuous shading adjustments and other con¬ 
trol functions make them not too desirable from an operation point of 
view, although it has been found that with present-day equipment con¬ 
tinuous operator supervision is not entirely necessary. Recent improve¬ 
ments in the vidicon indicate that it may largely supercede the icono¬ 
scope as a film camera, and vidicon film equipment is now available. 

For economic reasons, the same pickup tube may be used for both film 
and slide transparencies or opaque slides. These may be switched rapidly 
by means of an appropriate mirror system, illustrated in Fig. 15-10, which 
is a complete vidicon film and slide system. 

It, is possible to use a continuous-motion type of projector in conjunc¬ 
tion with a nonstorage type of pickup tube, such as the flying-spot scan¬ 
ner to be described in the next section. 2 The film pulldown problem is 
not present when a nonstorage tube is used as a slide scanner, and the 
mosaic may be illuminated continuously. 

16-6. The Flying-spot Scanner. A type of signal-generating device, 
particularly suitable for reproduction of slide transparencies, is the 
so-called "flying-spot scanner” mentioned briefly in Chap. 1. The scan¬ 
ner makes use of the principle of light-beam scanning, by producing the 
regular scanning raster on the face of a high-intensity cathode-ray tube 

having an extremely-short-persistenee phosphor. The light from this 

source is focused on the scene to be reproduced, being used to illuminate 
this scene. In the case of scanning of opaque objects, the light which is 
reflected is collected by a phototube, containing a high-gain electron mul- 

»L. C. Downes and J. F. Wiggin, Shutterleis Television Film Projector, Electronics, 
January, 1949. 

* A. G. Jensen, It. E. Graham, and C. F. MattKe, Continuous Motion Projector for 
Use in Television Film Scanning, J. Sue. Motiafn Picture Television F.ntjr*., Vol 58, 
January, 1952. 
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tiplier, the output of which becomes the video signal. The scanner, par¬ 
ticularly if the scene to be scanned covers a large area, is relatively ineffi¬ 
cient because of losses in reflection of 4ight and the requirement that the 
light from the scanner be dispersed over such a large area. Also, if the 
object to be illuminated is large, there is the additional problem of points 
of equal illumination over different areas of the surface producing differ¬ 
ent currents in the phototube because of the variable distances involved. 



Fto. 15-10. Illustration of film and slidr system using vidicon pirkup tube together 
with mirror-change-over arrangement. (Courtesy of General Electric Co.) 


This objection may be partially overcome by making use of a large num¬ 
ber of phototubes surrounding the object with their outputs all in parallel. 
This, however, is a very inflexible arrangement and quite limited in 
application. 

The use of the flying-spot scanner for the reproduction of slide trans¬ 
parencies is illustrated in Fig. 15-11. This illustration represents a rela¬ 
tively simple scanner in which the optics are similar to those used for a 
slide projector in reverse, i.e., the cathode-ray tube screen becomes the 
light source and the projection lamp is replaced by the phototube pickup 
uiiit. An experimental scanner, making use of a modified slide projector, 
is illustrated in Fig. 15-12. The video preamplifier mounted directly or 
the projector allows a very short connection from the output of the photo¬ 
tube which takes the place of the projection lamp. The phototube is a 
sensitive tube of the photomultiplier variety such as the 931A or 1P21. 
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of h lTT tal ! y ™ 0U “‘ €d unit at the t°P of the rack provides the insertion 
of biankmg level and synchronizing information when it is not ,n^d 

• " he . re !" the system - Scanners constructed in this manner are useful 
primarily for the reproduction of test charts and for simple testing work 

Video 
to camera 
control 
amplifier 



Video preamplifier 


Phototube with electron 
multiplier 

| Condensing lenses 
Slide 

Projection lens 


Projection type cathode 

ray tube 


High 
voltage 
supply 
( + 25kv 


Blanking 

and 

deflection 

generator 


Driving pulses 
from 

synchronizing 

generator 


•—-1 1-1 

Fio. 15-11. Elements of flying-spot scanner for transparencies. 


However, more elaborate scanners which include automatic slide eh»„ • 
mechanisms controllable from central master conLl^ 

a useful addition to the other commercial studio equipment for the nr ' * * 

tation of regular program or advertising material The rI. * 

can be obtained with the flying-spot ^nn^Lt^u^^!; 
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The phosphor decay characteristic produces the equivalent of poor h-f 
response in the video amplifier unless corrected. Phosphor decay is 
approximately exponential in character in time, and the type of correction 
in the video amplifier is similar in form to the correction for the RC time 
constant in the output of a pickup tube. This is easily understood from 
the realization that finite phosphor decay time is a result of the fact that 

light from one point still reaches the phototube 
after the scanning beam has passed on to another 
area, resulting in an effective “smear” of the 
video information. Some of the phosphors such 
as the P-15 have a rather complicated spectral 
response. One part of the response in the case 
of the P-15 is in the near-ultraviolet region and 
has extremely short persistence. The remainder 
of the response, which has a much longer decay, 
must be filtered by a suitable color filter or cor¬ 
rection obtained in the video system by use of an 
unduly complicated correcting network. 

The flying-spot scanner has been used exten¬ 
sively as a reference signal generator in color sys¬ 
tems and lends itself well to this application. In 
this application, three separate pickup photo¬ 
tubes together with a -uitable dichroic mirror 
system are required. 

As mentioned in Sec. 15-4. the flying-spot 
scanner ran be list'd in eorijunetion with a con¬ 
tinuous motion-film projector for televising of 
motif'n pictures. The principle is illustrated in 
Fig 15-13. Here the movable optical system 
consisting partly of the series of mirrors in motion 
allows the imaged raster of the scanning tube on 
tlic film to maintain a fixed relationship with the film frame over the com¬ 
plete frame -canning nterval. In t his manner, both the scanner tube and 
J,e project oi are considera! »y simplified .it the expense of the somewhat 
more precise optical system required. Also, additional refinements are 
required to eo npensate for vertical jitter and flicker. It is also possible 
to use a rotat ng polygon prism together with a suitable optical system 
to accomplish the required image immobilization. 1 A commercial llying- 
spot scanner ilm and slide scanning system is illustrated in Fig. 15-14. 

15-6. The Monoscope. A useful device lor generating a video test 
ot nal iS the monoseope, which is fundamentally a cathode-ray tube with 
1 ',., phosphorescent screen replaced by a target having a fixed printed 

i ].; || i, and .1 K Fisher (.'outinuous Film Scunner for Mouoehronie or Color, 

-tr.il, ■ . Col. 27. No .8 PI' 15. 15“ V-must. 1954 
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image. The image plate is a metal with a high secondary-emission ratio, 
with the printed pattern in carbon ink having a different secondary-emis¬ 
sion ratio. Scanning of this pattern produces a variable secondary-emis¬ 
sion pattern and thus a variation in secondary-emission current collected 
by the anode or a back collector plate. The usefulness of the monoscope 
lies in its simplicity. However, its restriction is that the signal pattern 
cannot be changed. This makes the monoscope less versatile than the 
flying-spot scanner used for the same purpose. Its use is confined almost 
entirely to video test equipment. 

15 _ 7 . Picture-amplifier Design Considerations. The over-all design 
of the video system in the picture-generating equipment is a matter of 
major concern. According to present-day commercial broadcast stand¬ 
ards, the video modulation components in the final r-f signal from a 
transmitter must reduce to essentially zero at a frequency of 4.5 Me 
above the video carrier. Ideally, the response should be essentially flat 
to frequencies up to 4.2 Me from the carrier. A flat response up to 
4.2 Me with sharp cutoff between 4.2 and 4.5 Me gives rise to nonlinear 
phase shift, leading to overshoots in the transient response which may be 
partially corrected by phase-equalization methods. The matter of desir¬ 
able transient response at the transmitter will be discussed further in 
Chap. 16. Aside from the matter of transient response and particularly 
for the NTSC color signal, the amplifiers must have an essentially con¬ 
stant time delay out to this frequency if individual color components are 
to register properly in the final picture. 

It is quite universally agreed that the picture signal appearing at var¬ 
ious points in the video system ahead of the transmitter should be of con¬ 
siderably better quality than that which is limited by broadcast stand¬ 
ards. A system having 500 active lines would require a video channel 
essentially flat to 4.5 Me for equal horizontal and vertical resolution. 
However, substantial improvement in picture quality can be made for a 
given line structure by increasing the bandwidth even though only the 
horizontal resolution is improved. As was illustrated in Chap. 7, the 
step-function response of a filter having the form of the Gaussian error 
curve which is down to half amplitude at a specified frequency is equiva¬ 
lent to the ideal-linear-phase sharp-cutoff filter which cuts off sharply at 
the same frequency. In addition, the former response would be free of 
overshoot. However, the response to repeated detail such as the verti¬ 
cal-bar pattern would not be equivalent to the flat-amplitude character¬ 
istic. For such responses, the characteristic should be flat to within at 
least 1 db up to 4.5 Me. This, together with step-function responses 
without overshoot, would require not more than a 3-db drop at 9 Me or 
a 6-db drop at 12 Me. The rise time of such a system as obtained from 
I?q (0-38) would be in the range from 0.04 to 0.05 /xsec. A video system 
having such characteristics would resolve repetitive detail up to the full 
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4.5-Mc bandwidth while providing single step-function responses with¬ 
out overshoot equivalent to those of a sharp-cutoff filter which cuts off 

at i Me having no phase correction. 

For broadcast purposes, the response would be limited at 4.5 Me by 
sharp-cutoff filters at the transmitter with or without phase correction, 
phase correction definitely being required for the N1SC color system. 

For the video system in the picture-generating equipment, two alter¬ 
nate approaches are suggested. The first of these is to use essentially 
linear-phase networks and divide the available rise time among the var¬ 
ious known units in the system, according to Eq (6-37), as follows: 

T = -v/TVnV + T m - + 7V (15-1) 


where T p 
T c 
T m 
T a 


rise time of camera preamplifier = 0.03 /isec 
rise time of video in camera control unit = 0.02 ^sec 
rise time of video section mixer-amplifier unit = 0.02 psec 
total rise time of video sections of all additional auxiliary 

units — 0.02 fxscc 


The total rise time is thus 


T = 0.046 ^ec 


The preamplifier is allotted the greatest rise time because the larger 
portion of the gain is required in this unit. The portion representing 
auxiliary equipment includes an unknown number of stages, and there¬ 
fore any utility amplifiers, mixing units, etc., which fall into this category 
should not degrade the response. In order that these shall not affect pic¬ 
ture quality such amplifiers should be designed to be essentially flat to 
around 20 Me An exception can be made if such amplifiers represent 
essentially terminal equipment, i.c., the link between picture-generating 
equipment and the transmitter inasmuch as the bandwidth is limited at 
the transmitter. Here, a unit may be essentially flat to 4.5 Me with 


sharp cutoff and with phase equalization. 

An alternative approach to the problem is to use uniform-response 
sharp-cutoff filters of extended bandwidth throughout the video system. 
If this is done, phase-correcting circuits should be inserted at various 
points in the system in order to minimize transient overshoots in the step- 


function response. 

This discussion has thus far neglected the aperture-response charac¬ 
teristic of the pickup tube itself. Although tubes of the iconoscope or 
image orthicon variety are said to provide resolution approaching 1,000 
lines, the response is down to a small fraction of its normal value for this 
detail. This is equivalent to saying that the effective response of the 
pickup tube itself to abrupt changes in brightness level as one element in 
the system is not a perfect step function and that overshoots generated 
in the amplifiers having sharp-cutoff characteristics, with step-function 
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excitations, will not be nearly so great with the actual pickup-tube sig¬ 
nal. For this reason, a video system carefully designed for a cutoff of 
4.5 Me with normal commercial scanning standards will give resolution 
up to the 4.5 Me without serious overshoots. 





r =20MC 


= 20MC 


|(3)AC = 4.4MC 


I .VIA I .licet oi iiiii.lilicr ••Itanietci ;>tie- up oi r. 1 •Fit inn. ourof 

11 Limited i>\ aperture rrsp'in»' »» 11 1 \ <i:i • l> mdwidt!. of \ !<{«•«* — 21) Me. 
2) Same outpul wi*h simple :i|vmi irr -i?hi ph:is« % t .»rn-c'i«»n. 

:?) Sarm* n> *‘J h'it pa>sr 1 tiirmmh shn: p-.mtntT \ l-Mr h»w-pa<- fillrr. 

■4; Same a'* *It» with th»* addition «>t phas«* rurrvclion. 


It is j --.'.b •• to correct for the aperture response bv including in the 
v - j,. 0 system stage having a rising characteristic with a phase-equaliz- 
j 11 .r netwurl- The wide-band system, ol course, particularly it aperture 
and phase correction are employed, provides greater resolution. The 
cents mentioned in the above discussion are illustrated in I'ig. 15-1”. 
A pickup tube looking at the chart having a series of bar.' representing 
various line numbers (equivalent of the speeitied lines of hori/onal resolu- 
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tion) produces a video signal as the chart is scanned. This video signal 
is passed through a 20-Mo amplifier. The effect shown in wave (1) is 
that of aperture response since the 20-Mc fiat amplifier does not limit 
the response. Wave (2) represents the output with simple aperture and 
phase correction. Wave (3) represents the result of passing the cor¬ 
rected waveform through a 4.4-Mc low-pass sharp-cutoff filter and shows 
the resultant overshoots. Wave (4) shows the same output after the 

addition of a phase-correcting network. 

15-8. Video Preamplifier Design. The video preamplifier, which must 
he in the proximity of the pickup tube, has the same basic elements 
regardless of the type of pickup tube. The number of stages required 
will vary, depending upon the required gain and bandwidth and the 
polarity of the input signal. Most of the camera tubes, like the image 
orthieon or iconoscope, are essentially constant-current devices, and the 
signal-voltage output varies directly with the value of load resistor. It 
is necessary to make this resistor sufficiently high so that the thermal 
noise generated in the resistor itself is not the limiting factor on signul- 
to-noise ratio. Because of the capacitance shunting this resistance, there 
is a loss in h-f response which must be corrected for by a rising charac¬ 
teristic of some succeeding amplifier stage. The resulting increase in 
required h-f correction increases the h-f-noise contribution of the low- 
level amplifier stages. The exact relationship among the various noise 
sources affecting signal-to-noisc ratio of a properly compensated ampli¬ 
fier was discussed in See. 1-14, and the design and performance of h-f 
correction networks were presented in Sec. <>-10. 

As was pointed out in Sec. 4-15, the .signal level from the iconoscope 
is low and a relatively large value of load resistor is required (100,000 
ohms or more). The image orthieon has a much higher signal level, and 
its 0 wn beam-current noise is so high that it becomes the limiting factor 
even for relatively low values of output resistor. Therefore, u much 
lower value of resistor may be used, and consequently a smaller amount 


of compensation is required. 

In any case, the preamplifiei gain should be sufficient to give an out¬ 
put signal level ranging from 0.1 to 1.0 volt, which is suitable for trans¬ 
mission over coaxial low-impedance cable to associated control equip¬ 
ment. A cathode followei is satisfactory for such an output stage, 
ulthough a feedback-type amplifier with a more linear transfer charac¬ 
teristic is usually preferred. 

Specific Desiyu buta. Several variations of a preamplifier design suit¬ 
able for use with various pickup tubes are discussed below. 'The designs 
are somewhat more elaborate and have greater bandwidths than nor¬ 
mally found in commercial equipment. i hey are thus suitable for high- 
resolution laboratory systems and also illustrate the limitations on sig- 
nal-to-noise ratio imposed by the various noise sources in the system 



486 FUNDAMENTALS OF TELEVISION ENGINEERING 

where low-sensitivity pickup tubes are combined with very-wide-band 
amplifiers. The block diagram of a preamplifier is shown m Fig. 15-16 
and is shown in three separate sections for purposes of discussion. The 
portion ahead of the frequency-correction network is designated as sec¬ 
tion A, having gain G A} that of the correction amplifier and network as 
section B y having gain G B , and that of the portion following the correc¬ 
tion amplifier as section C, having gain G c . Sections A and B of a wide¬ 
band amplifier which is satisfactory for use with an iconoscope or other 




ic 


Amplifier 

with 

midband 

gain 


R 


Correction network 
with gain, G B 


'1 


li- 


i 

i 

J 


Amplifier 

with 

midband 

gain 


Fig. 15-16. Block diagram of camera preamplifier. 
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Fio. 15-17. Sections A and B of camera preamplifier for use with low-sensitivity 
pickup tube. 

low-sensitivity tube are shown in Fig. 15-17. Stage 1 is a cascode stage 
consisting of the grounded cathode amplifier using a type 417A triode 
which has a g m of 24,000 M mhos driving the 6BQ7 as a grounded-grid 
stage. Stage 2 is a 6AK5 with a four-terminal linear-phase coupling 
network, and stage 3 is a 6AK5 with the h-f correction network in its 
plate circuit. Data concerning gain, bandwidth, rise time, and noise 
contribution of various noise sources are given in Table 15-1. From 
Eq. (4-25), the output signal voltage is 

E, 0 = RoI'GaGb 

For an over-all signal-to-noise ratio of 30, the required signal current from 
the pickup tube is 0.118 This can be obtained with about 1.5 ft- 
candles of illumination on the mosaic of an iconoscope. For a signal- 
to-noise ratio of 10, which is quite usable, since the noise is primarily 









TABLE 15-1 

GAIN BANDWIDTH, RISE TIME, AND NOISE DATA OF SECTION A OF VIDEO PREAMPLIFIER FOR 

LOW-SENSITIVITY PICKUP TUBE AS SHOWN IN FIG. 15-17 


CAMERA AND SIGNAL PROCESSING EQUIPMENT 487 




















488 


FUNDAMENTALS OF TELEVISION ENGINEERING 


peaked channel noise, the required current is 0.039 pa which can be 
obtained with a mosaic illumination of about 0.4 ft-candles. A few com¬ 
ments are pertinent. The value of # 0 used in the design is not suffi¬ 
ciently high to make its noise contribution entirely negligible but does 
make it small compared with the shot noise of the first amplifier tube. 
The limiting signal-to-noise ratio is determined by the shot noise of the 
first amplifier tube, which is the high-#*, low-noise triode used as the 
input tube of the cascode stage, md offering the advantages discussed in 
Sec. 10-20. The same input tube used as a normal amplifier driving the 
second stage might be used rathei than the cascode stage. However, the 
resulting increase in effective input capacitance would further degrade 
the h-f response of the input circuit and make it much more difficult to 
correct for in the correction circuit. As a matter of fact, at the levels 
and bandwidths involved in this amplifier, the attenuation resulting from 
such correction, for the same input current, would lower the output of 
the correction circuit to the point that the shot-effect noise of the first 
amplifier tube of section C would not be negligible. As it is, the thermal- 
noise voltage at the grid of a 6AK5 following the correction network is 
1.7 X 10~ 5 volt, which is barely negligible. It might be noticed that the 
shot-effect noise of the second stage contributes not a completely negli¬ 
gible amount to the total noise. In order to elim’nate this contribution 
entirely, a higher-*/*, pentode such as the 436A could be used. Since the 
gain of the first stage is dependent mostly on the grounded-cathode sec¬ 
tion, it would not be necessary to use both sections of the 6BQ7 in par¬ 
allel. However, since the 417 is a relatively high-current tube, the use 
of both sections of the other tube equalizes the current requirements of 
the two tubes. The design presented here shows where the limitations 
on performance arc. No part of it could be less satisfactory from the 
standpoint of noise without an adverse effect upon the over-all noise 
performance. The noise has been figured on the basis of a bandwidth of 
10 Me. This is based on such a limitation on bandwidth beyond the pre¬ 
amplifier itself. With a narrower bandwidth system, it would, of course, 
be possible to relax the design requirements, and stage 2 in the amplifier 
might be eliminated with more gain put into stage 1. 

Section (■ ol the same preamplifier is shown in Fig. 15-18. It com¬ 
prises four stages of gain and either a cathode follower or plate output, 
depending upon the desired output polarity. The gain stages are based 
on the same design as stage 2 in section A. The over-all gain, including 
the cathode-follower output of this section, is approximately 53. Each of 
the four stages has a rise time of 0.01 psec and the over-all rise time is 
0.02 psec. 

The rise time of the entire amplifier is thus slightly less than 0.03 nsec, 
with an over-all 3-db bandwidth, as determined from Eq. (6-38), of 
12 M-- The odd number of stages used, together with cathode-follow'er 


CAMERA AND SIGNAL PROCESSING EQUIPMENT 489 

output of the iconoscope, gives an output polarity of black negative. 
For use with film cameras with the same output polarity, the output 
may be taken from the plate, or one stage may be omitted as a result of 
the possibility of using a higher crfmera-tube illumination. 
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FlO.'ublO. Sections A uml it of camera preamplifier for u«c with high-sensitivity 
pickup tube. 


For use with a high-sensitivity tube such as the image orthieon, sec¬ 
tion A can be considerably less elaborate, and a normal pentode can be 
used as the input stage. Sections A and B for use with an image orthieon 
are shown in Fig. 15-19. Over a 10-Mc bandwidth, the 10,000-ohm load 
resistor for lie accounts for a noise voltage of E n2o = GaGh X 4 X 10-*, 
which is small compared with that from the equivalent noise resistance of 
the 6AK5 input stage, which turns out to be E nZo = Q A G B X 15.5 X 10~ 6 . 
Both these noise components are small compared with the noise compo¬ 
nent generated by the beam current of the image orthieon. For example, 
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a noise current of 0.3 *.a, which would be about normal for an image 
orthicon with a signal current of 10 „a; yields a noise voltage output of 
300 X 10~ 6 . Thus, the signal-^o-noise ratio in the output current itself 
is about 30. The gain of sections A and B is G A G B = 0.136, and the out¬ 
put signal voltage from section B for the condition just described is 
0.0136. The over-all gain of a preamplifier composed of this as sections 
A and B with section C previously described is GaGbGc = 7.2, and the 
signal output voltage with an input signal current of 10 n& is 0.72 volt. 

A slight variation of section A in combination with section B is shown 
in Fig. 15-20. Here, the preamplifier is intended for use with the flying- 
spot scanner, and the correction network is for the phosphor decay char¬ 
acteristic of tne cathode-ray-tube phosphor rather than for signal-to-noise 


+ 300 v 



Fio 15-20 Sections A and B of camera preamplifier suitable for use with flying-spot 
scanner. (Television Laboratory, Department of Electrical Engineering, Syracuse 

University.) 


ratio improvement, which is not necessary, since the signal level from a 
multiplier phototube such as the 1P21 is such that the output-circuit 
noise is not a major problem. For this reason, the correction network 
can be in the plate circuit of the first amplifier tube, i.e., section A has 
been eliminated entirely. A small amount of shunt peaking has been 
used in the input circuit to compensate for the shunt capacitance at this 

point 

The rise times of the three versions of wide-band preamplifier design 
are faster than usually found in commercial practice and are better than 
necessary where the only requirement is that of a system of commercial 
broadcast quality. For such requirements, it might be possible to reduce 
the number of stages by two, in each case, and raise the gain of each 
stage to give essentially the same output voltage. The principles of 
design remain the same, however. The designs may be modified to give 
a more nearly flat-amplitude sharp-cutoff characteristic if desired by 
suitable modification of the coupling-network parameters as discussed in 

Chap. 6. , . 

The 1-f design is based on Method A of 1-f compensation discussed m 
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Sec. 6-10. It is sufficient to provide less than 1 per cent tilt on a square 
wave at line frequency hut is not adequate to provide proper amplitude 
and phase response at field frequency. Restoration of such 1-f compo¬ 
nents is normally taken care of by clamps in the video section of the fol¬ 
lowing camera control amplifier. 

16-9. Camera Control Amplifier and Monitor Equipment. The camera 
control and monitor unit in a typical camera chain contains a video 
amplifier which accepts the video signal from the camera preamplifier, 
inserts the black-level pedestal (and, in the case of a single camera chain, 
the synchronizing signal), and delivers the resultant video signal to a 
low-impedance coaxial transmission line to be supplied to other mixing 
equipment, to a transmitter, or to a network facility. In the same unit 
are picture and waveform monitors for examination of the outgoing sig¬ 
nal, and the various controls for the camera tube, which are not included 
in the camera itself, including the main gain control. The appearance 
of the camera control unit in a typical portable camera chain was shown 
in Fig. 15-2 and for an image orthicon studio camera chain is shown in 
Fig. 15-21. For studio equipment, the picture monitor is usually a 
10- or 12-in. tube, the waveform monitor being a 5-in. electrostatic tube; 
for the portable equipment, smaller tubes are used. The picture-mon¬ 
itor sweep circuits are the usual type of horizontal and vertical circuits 
discussed in Chap. 11. In order to synchronize these sweeps, separate 
horizontal and vertical driving pulses may be furnished from the syn¬ 
chronizing generator, or the standard composite synchronizing signal may 
be supplied and synchronizing-signal separator circuits incorporated as 
part of the monitor circuit design. 

The camera controls which are part of this unit provide the operator 
with the controls which are necessary to maintain peak performance of 
whatever camera tube is employed and to relieve the camera operator of 

such controls. 

The Video Section. A typical control-unit video amplifier is shown in 
schematic form in Fig. 15-22. The circuit is capable of taking an input 
signal from the preamplifier at levels as low as 0.1 volt and delivering a 
composite video signal containing both blanking level and synchronizing 
signal at a level of 2 volts. The first two stages are gain stages and are 
designed on the same basis as those in section C of the preamplifier dis¬ 
cussed in the preceding section. Between the second and third stage is a 
four-diode clamp circuit which clamps the black-negative signal at this 
point to approximately -3.5 volts during the blanking interval. Thu 
clamping action inserts a d-c reference level in the signal at this point 
and restores 1-f components lost in preceding stages, including those in 
the camera preamplifier. From an image orthicon, flying-spot scanner, 
or vidicon, the signal level during the clamping interval represents black 
level, and any changes from this level representing brightness increases, 
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are in the positive direction from this point. This signal is amplified and 
inverted by the 6AS6 amplifier. A positive composite blanking signa 
from the synchronizing generator is amplified and inverted by Ml and 
applied to the suppressor of this 6AS6, cutting the tube off during the 
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blanking interval and raising the level to that of the plate-supply volt¬ 
age. The video signal is seen to have the blanking pedestal at this plate, 
as shown in Fig. 15-23. The excess amplitude can be removed with the 
series clipper as shown, leaving what the operator judges to be the cor¬ 
rect black level. This combination d-c restorer, pedestal inserter, and 
clipper establishes the video signal with pedestal suitable for adding syn¬ 
chronizing information. In the case of camera tubes such as the image 
orthicon, which supplies a fairly definite black level, the clipping level 
needs very little operator attention once the correct adjustments are 
made. In the case of camera tubes such as the iconoscope, in which no 


Banking level 
control 



Fig. 15-22. Video amplifier section of camera control unit. (Television Laboratory, Depart mail of Electrical Engineering , 
Syracuse University.) 
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definite d-c component or black level is transmitted, this clipping level 
must be under continual surveillance of the operator in order to main¬ 
tain the correct background level at all times. However, since almost 
all pictures contain some black or near black, a d-c restorer operating to 

restore to the resultant black-level 




(c) Plate of V5 



(d) Grid of V6 



(e) Grid of V7 


Fio. 15-23. Waveforms in video section of 
camera control amplifier. 


peaks would provide reasonably 
good background control under 
most conditions. 

The signal from the clipper is 
amplified and inverted by V6 and 
then applied to the grid of the 
cathode follower V8. When this 
amplifier is used in single camera 
operation, the synchronizing sig¬ 
nal is mixed with the video signal 
at the plate of V6, in which case 
the output becomes the composite 
video signal. Waveforms at var¬ 
ious points are shown in Fig. 15-23. 



II h !l 

II n It 

Fig. 15-24. Waveforms in circuits for 
deriving clamping pulses. 


Clamping pulses for the grid of V5 are derived from trailing edges of 
composite synchronizing signals by use of the amplifiers and clippers V9 
and V10. The cathode-coupled stage V9 amplifies the input synchro¬ 
nizing signal without inversion. This waveform is differentiated in the 
grid-circuit time constant of VlOa, with the positive peaks limited by 
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grid current with the bottom peaks below cutoff of \ 10a. This wave¬ 
form is amplified by VlOb and appears at the grid of VIOb. Push-pull 
outputs for the clamp are obtained from the plate and cathode circuits 
of VIOb. Waveforms at various points are shown in Fig. 15-24. With 
the clamp pulses derived in this manner, clamping is effected following, 
rather than preceding or in concurrence with, the synchronizing signal. 
This timing is preferred because of a certain amount of the clamping 
signal being fed through the interelectrode capacitances of the clamp tubes 
and appearing in the video signal. It is least objectionable to have this 
occur at the most noncritical time interval in the whole operation. At 





Fig. 15-25. White peak limiter for preventing of streaking. 

this particular point in the circuit, where pedestal insertion and clipping 
are to occur later, this timing is not important. However, where clamps 
are used in other parts in the system, it may be an important consider¬ 
ation This method of clamping immediately following the timing of the 
synchronizing-pulse trailing edges is referred to as “ back-porch ” clamping. 

In the use of the clamp circuit as shown in the amplifier, precautions 
must usually be taken that peaks in the “white" direction do not over¬ 
load the grid of V5 to the point of grid current. Because of the high 
impedance in the clamp circuit and the necessity for such a small cou¬ 
pling capacitance, a small amount of grid current will set up a negative 
bias which will cause such a white peak to be followed by a dark streak 
which can extend into the next line. This can be overcome by careful 
video level monitoring and can be helped appreciably by a white peak 
clipper ahead of the clamp as shown in Fig. 15-25. 

Aperture and Phase Correction. Although not usually a part of com¬ 
mercial monochrome camera equipment, aperture-correcting circuits can 
be a part of the camera-control video system. A logical place for cam¬ 
era-tube aperture-response correction is in the part of the video amplifier 
immediately preceding the clamping stage as shown in Fig. 15-26 in 
accordance with the methods described in Chap. 6. The aperture-cor¬ 
rection stage is V a with the amplitude peaking circuit in its plate cir¬ 
cuit, and the phase-compensation stage is V b . The arrangement is such 
that there is no net phase inversion of the corrected signal. The atten- 
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nation in the aperture-correction stage is compensated for by the gain 
in the difference amplifier following the phase-shifting network. 

A different form of aperture correction which makes use of the prop¬ 
erties of dissipationless transmission lines has negligible phase error and 
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Fig. 15-26. Aperture-correction circuit for camera control amplifier. 


hence does not require separate phase correction. The input impedance 
of an unterminated dissipationless line as determined from Eq. (10-166) is 

Z (l) oc = —y/?o cot pi (15-2) 

where is the characteristic impedance given by 



with L and C being inductance per unit length and capacitance per unit 
length, respectively. 

The receiving-end voltage of an unterminated line driven from a source 
which matches its characteristic impedance as shown in Fig. 15-27a can 
be shown from Eq. (10-142) to be 

E r = EsT# 1 (15-3) 


whereas the voltage E x at the input to the line as determined by 





_Z(0o< L _ 
Ro + Z(f) 0t 


El = Es cos pi e m 


(15-4) 


Now, if the input and output are applied to the terminals of a differ- 
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ence amplifier having a gain Gi for Ei and — G 2 for E ft as shown in Fig. 
15-276, the form of the output is 

fe = (■-§-; c °s #)<-* (i5 - 5) 

which is plotted in Fig 15-27c. 



( b ) Aperture corrector 


Fio. 



(c) frequency response 


15-27. OhanintoriHtirH «>f deluy-linc aperture corrector. 


15-10. Coding of Information in Color-subcarrier System. If color 
information in accordance with NTSC standards is to be included as part 
of the video signal, a unit must be included somewhere in the system for 
synthesizing this signal from the three separate simultaneous color sig¬ 
nals. This coding device would be part of the control unit for a par¬ 
ticular camera or part of the over-all camera selection or mixer-amplifier 
equipment. In either case, the signal is synthesized in accordance with 
the information in Sec. 12-8, the complete color signal being expressed by 


Ey = E'y + | E' q sin («< + 33°) + E\ cos (a,/ 4- 33°)J (15-5) 
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and 


E' q = 0.212% - 0.52Sq + 0.31 E' B 


E\ = 0.60£% - 0.28 E' 0 - 0.322% 


with Eg, E' 0t and E' B being the gamma-corrected 



*-3.579545-H 

<-4.2 Me-*- 


(a) Monochrome signal 



3.579545 

(6) Q channel signal 



(c) J channel signal 

Fia. 15-28. Bandpass of color signals (before cutoff of upper color sideband), 
chosen primaries and 

E' r = 0.302% + 0.592% + 0.112% 

The coding unit synthesizes the E u signal and provides the proper 
bandpass filters to restrict the subcarrier components to the bandwidth 
requirements specified. These bandpass characteristics are shown for 
convenience in Fig. 15-28. 

Many variations in form for a coding unit are possible. 1 The basic 

1 For an example of design, see E. E. Gloystein and A. H. Turner, The Colorplexer— 
A Device for Multiplexing Color Television Signals in Accordance with the NTSC 
Signal Specifications, Proc. IRE, Vol. 42, No. 1, pp. 204-212, January, 1954. 
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elements of one form of coding device are shown in block-diagram form in 
Fig. 15-29. The individual red, blue, and green color signals are applied 
to the ( 7 ) nonlinear amplifiers to produce the gamma-corrected signals 
E' r , E' b , and E' a . The signal mixing unit is a combination of linear add¬ 
ing circuits for producing the E ' Y , E' Q , and E\ signals from the proper pro¬ 
portions of the gamma-corrected color signals. The addition must be 
done in such a way that both the a-c and d-c components of the signals 



Fig. 15-29. Elements of coding unit for color-Hubcarrier system. 


are preserved cither by complete d-c coupling or by the proper use of 
zero-signal-lcvel clamps. Furthermore, both the frequency and phase 
responses must be maintained throughout the pass band. 

The delay equalization networks are short delay line sections which 
equalize the delays in the three channels to compensate for the fact that 
the separate channels would have different delays as a result of the dif¬ 
ferent bandpasses of the separate circuits. 

The bandpass circuits must have frequency cutoff limits which fall 
within the NTSC specifications and must be phase-compensated for any 
nonconstant time delays near cutolY. 

The multipliers effect the subcarrier modulation. These are usually 
some form of double-balanced modulator which effectively produces the 
sidebands but eliminates the carrier. The carrier frequency is applied 
from the phase shifter operating on the original color subcarrier. Also, 
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the subcarrier and burst gate derived from the synchronizing system, 
applied to the keyer, generate the sub carrier burst. All the signal com¬ 
ponents are added in the adding unit, the output of which is the complete 
color video signal. 

15-11. Special Problems and Circuitry Related to the Color Signal. 

There are a number of problems relating to the generation and handling 
of the color signal which have not been discussed in previous chapters. 


Fig. 



15-30. Nonlinear impedance as a gamma-correcting circuit. 




Fio. 15-31. Use of diodes in gamma-correcting circuit. 

Among such problems are the nonlinear (gamma-correcting) amplifiers, 
multiplying circuits suitable for subcarrier modulation, and unusual 
requirements on the linearity and phase response of video amplifiers. 

Approximate Generation of E Vy . It is possible to utilize a nonlinear 
impedance as a plate load somewhere in the video channel to compensate 
for the picture-tube nonlinearity as indicated in Fig. 15-30. The voltage 
across such an impedance, if driven from a current generator, is of the 
form 

E„ = JVIvy (15-7) 

Such a curve may be approximated by utilizing a number of parallel 
branches, each containing a diode and a series resistor and biased in such 
a way that each diode becomes conducting at a different voltage level, as 
shown in Fig. 15-31. 
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current source such as the plate circuit of a pentode as shown in Fig. 
15-32c, the above equation may be conveniently expressed in the form 

A E 0 = K'I p l/n - ( E cc - E c0 ) (15-9) 

where K' = K~ l/n . If the tube is biased at cutoff, i.e., if E ee = E e0t the 
above equation reduces to 

A E 0 = K'I p l/n (15-10) 

which is the desired form indicated by Eq. (15-7). 

If a tube could be found for which n = y and for which cutoff is 
sharply defined and stable, the problem would be solved. Neither of 
these conditions is probable, and in practice it would be desirable to 
select a tube having a value of n greater than y over most of the range, 
but which might depart from the true power law at voltages near cut¬ 
off, and to use external circuit elements to stabilize and modify the char¬ 
acteristic. If cathode degeneration is used as shown in Fig. 15-32d, the 
expression for voltage becomes 

A E 0 = K'I p Un + I P Rk (15-H) 

From this equation, it is to be noted that if the characteristic were a 
true power law to begin with, it would not follow a true power law with 
degeneration. However, if it were not a true power law to begin with, a 
judicious amount of cathode degeneration might tend to make it follow 
more nearly a true power law having a reduced value of n. 

Separate consideration of the effect of a shunting resistance as shown 
in Fig. 15-32c, with the current I x being the true current source, yields 

the relationship of 

AE.[l - =K'A 1/n (15-12) 

Again, the effect is to produce a departure from the true-power-law rela¬ 
tionship but may be useful in helping to approximate the desired power 

law if it were not one to begin with. 

The power-law relationship of Eq. (15-10) holds only if the tube repre¬ 
senting the nonlinear impedance starts from cutoff. It is not practical 
to attempt to maintain this condition, and some residual current must 
necessarily flow. For such a condition, Eq. (15-10) may be written as 

A E 0 = £'(/ o + A/p) ,/n (15-13) 

where h is the initial current for zero applied signal and A/ p is the sig¬ 
nal current measured from the initial current level. The effect is to 
shift the A E 0 vs. A/ p plot to the left along the I p axis. The effect can 
be partially corrected for by adding a correcting voltage later in the sys¬ 
tem. However, it is apparent that this does not provide correction over 
the entire range. On the other hand, it is possible to select a tube which 
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will allow a better power-law approximation over most of the signal-cur¬ 
rent range with some initial value of current. Obviously, such a tube 
would be a better choice. 

In view of the above discussion, it might be summarized that it is pos¬ 
sible to begin with a transfer characteristic which is approximately but 
not exactly a power law with n > y, and by a combination of external 
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forbore to approximate the inverse of the picture-tube characteristic over 
most of the desired brightness range. 

' The Double-balanced Modulator as a Multiplying Circuit. One of the 
miwt serious problems in circuitry is that of devising suitable multipliers, 
particularly where the frequency components of the waveforms to be mul¬ 
tiplied are not widely separated. This problem is the one that exists 
where the two components of the chrominance signal are multiplied by 
the color subcarrier in the synthesis of Eq. (15-0). In order to devise a 
method for effecting this operation, let us begin with a set of linear trans¬ 
fer character sties as shown by the solid lines of Fig. 15-33, which is rep¬ 
resentative of a pentode having a plate current t& which is a linear func¬ 
tion of two variables, the control grid voltage e*i, and the suppressor grid 
voltage e t% . 
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The equation for one of t'h e lines is 

4 = fty(. e o 3 + Eccz - E „ 3 ) (15-14) 


where 4 = total plate current 

E eo 3 = suppressor voltage for x plate-current cutoff 
E C c3 = suppressor bias voltage „ 

e„ 3 = incremental (signal) component of suppressor voltage as meas¬ 
ured from the bias voltage 
= Ai b /Ae e3 , the slope of the line 
The slope of any line is 



1 

Eeci — E co2 


{ho 4- f7mioe„i> 


(15-15) 


where I b0 = current at operating point, E ecl E^ 

Qm\o = Al b /AE c x^^ ^ e measured at operating point 

e g \ = incremental component of control grid voltage measured 
from operating point 
The above equation may be written as 
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where 
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The equation for total plate current as obtained by substituting Eq. 
(15-16) into Eq. (15-14) is 
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The incremental or signal component is 
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(15-18) 


The above equation shows that if the two voltages to be multiplied are 
applied to the two grids, respectively, of the idealized tube, the output 
consists of a term which is proportional to the product of the two inputs 
added to terms which are proportional to the original components. How¬ 
ever, if two tubes are used with their plates in parallel and their grids fed 
in push-pull, the output voltage will consist only of 

QmSOQmlO y / \ .. _ 

^ (15-19) 

•wheie Z L is the plate-load impedance. Such a circuit is usually referred 
t-o as a double-balanced modulator. 
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The use of such a circuit is shown in Fig. 15-34, with e gl being the 
chrominance signal and e o3 being the subcarrier voltage. In practice, the 
two tubes are nonideal as shown by the dotted curves of Fig. 15-33 and 
furthermore are usually not perfectly balanced. Therefore bias balanc¬ 
ing controls must be added in order to balance the actual current operat¬ 
ing points as closely as possible. Also, nonlinearity introduces undesir- 





Fig. 16-34. Elements of double-balanced modulator for chrominance modulation of 
subcarrier. 


able intermodulation components of a serious nature if good balance is 
not achieved and if signals of large amplitudes are used. 

Problems in Clamping in the Color System. Ordinarily, at a number of 
points in the video system it is necessary to employ black-level clamps. 
In the monochrome system, part of the pedestal following horizontal syn¬ 
chronizing pulses (back-porch) is used as the clamping interval. In por¬ 
tions of the color system, where the 
subcarrier burst is present, clamp¬ 
ing introduces certain problems. A 
poor clamp will not effectively clamp 
through the burst, while a good clamp 
will remove the burst from the signal. 

Since the frequency content of each 
buret consists primarily of the sub- 
carrier frequency and a few of its har¬ 
monics, the clamp can still be made to 
operate without destroying the burst, 

by adding in series with the clamp a tuned circuit tuned to the burst fre¬ 
quency, as shown in Fig. 15-35. 

Phase Response and Linearity with Particular Regard to Impedance¬ 
matching Output Circuits. In all stages in the video system, where the 
complete color signal is involved, preservation of linearity and phase rela¬ 
tionships at all amplitude levels to a high degree of accuracy is essential 
If linearity is not preserved, the effects of gamma correction will be dis¬ 
torted or destroyed, and if phase relationships are not preserved, the 



Fig. 15-35. Clainp circuit with scries 
filter for u bo when Hubcarrier is present. 
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upper and lower sidebands of the color subcarrier will not add properly 
and will not match, in time, the components of the luminance signal. 

The degree of adherence to linearity and constant time delay at any 
frequency throughout the amplitude range of the system is usually 
expressed in terms of both the differential gain and the differential phase , 
which are defined, respectively, as the change in relative gain and rela¬ 
tive phase of a small signal of constant frequency and amplitude as its 
a-c axis is moved through the entire amplitude range. 

The differential phase of most of the nonfeedback amplifiers is zero. 
However, the differential gain might vary considerably in such a stage 
handling signal amplitudes which are a large fraction of the dynamic 
range of the tube involved, particularly in various impedance-matching 
stages involving cathode followers. Linearity in the video output cir¬ 
cuits which are used to drive low-impedance transmission lines may be 
improved by the use of feedback amplifiers, an example of which was 
shown in Fig. 10-27. Such a feedback amplifier can be designed for both 
small differential gain and differential phase. However, the use of feed¬ 
back must be applied carefully if differential phase is to be kept small. 

Consider the general equation for a feedback amplifier of 

G = r #- G -r ? (15-20) 


where G' is the gain without feedback and (5 is the feedback factor. For 
purposes of the present analysis, let it be assumed that negative feedback 
is obtained by letting (3 be the negative of a real fraction. The gain may 
then be written as 



GV r 

1 + 0 G'ef 


(15-21) 


which may be expressed in terms of magnitude and phase as 



G = 


_ & _ 

Vi + 0G'(0G' + 2 cos 6') 

BG' sin 6' 


6 = 6' — tan -1 


1 + 0(7' cos 6' 


(15-22) 


The above equation shows that if 0(7' is large relative to unity, the mag¬ 
nitude of gain with feedback is relatively independent of phase, even for 
quite large phase angles, and is relatively independent of internal changes 
in differential gain. Thus, a feedback amplifier can be made to be quite 
linear over wide dynamic ranges even though the internal gain is a func¬ 
tion of the operating level. 

However, the total phase shift is seen to be a function of the internal 
gain of the amplifier. The differential phase may be expressed as 


A 6 = tan 


— 1 


&G' miD sin 6' 


1 + 0 G' mxa cos 6' 
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1 + PGL, cos 6' 


(15-23) 
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completely out as the other is brought in. This may be accomplished at 
any desired rate. 

Automatic Fade and Lap-dissolve Circuits. The switching, fading, or 
lap-dissolving circuits may be arranged so that the rate of fade and the 
amount of lap may be preset; then, by use of a set of push buttons, these 
rates may be established without the necessity of manual control. A 
method for doing this, at the same time minimizing switching transients, 
is shown in Fig. 15-36. 1 Only two-channel switching is illustrated, 
although the method is applicable to a multiplicity of signals. To pre¬ 
vent introduction of transients back into the input lines, each channel 


Decay in channel 1 

Rise in channel 2 



(a) Fast fade 





(d) Slow lap dissolve 

Fio. 15-37. Action of time constants in automatic fade and lap-dissolve circuits. 


input is isolated by a cathode follower. The potentiometers at the input 
of the individual channels allow independent gain control and also make 
possible manual fade and lap dissolve. The potentiometer in the cath¬ 
ode-follower output allows the gains in the individual channels to be bal¬ 
anced. The grid circuits of each of the two following amplifiers are 
returned to a variable bias through the push-button arrangement shown. 
When the button for one channel is depressed, the grid is connected to 
ground and the rate at which it rises to ground from a previously estab¬ 
lished negative point is determined by the time constant in the circuit. 
At the same time the channel which has previously been returned to 
ground is now returned to a point which is sufficiently negative to drive 
the amplifier for this channel beyond cutoff. The rate is controllable by 
the time constant in the return circuit. This action is illustrated in 
Fig 15-37 for switching between two channels, showing the operation for 
both fades and lap dissolves. A clamp should be in the single-channel 
amplifier following the switching operation, as shown, in order to mini¬ 
mize switching transients. 

1 G. M. Glasford and E. M. Usher, U.S. Patent No. 2,546,338. Also L. Mautner, 
Portable Camera Chain for Field Use, Tele-Tech., May, 1947. 
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In addition to the automatic switching sequences, direct and relay 
switching are probably more often employed in studio program synthesis. 


“ Wipe Circuits Another method 
of changing from one video channel to 
another, which also allows the simul¬ 
taneous presentation of two pictures, 
is the “wipe.” A simple example of 
this is the case in which a variable 
width video blanking gate is used to 
wipe out all or part of the video sig¬ 
nal appearing in the channel. This, 
in principle, is shown in Fig. 15-38. 
The video which is blanked out may 
be replaced by video from another 
channel, the opposite part of which is 
blanked out. The effect of one video 
signal beginning on one side and grad¬ 
ually w-iping the other off the screen 
may be achieved. The timing of the 
blanking gates can be such that the 
w'ipe may be horizontal, vertical, ora 
combination of both/as shown in Fig. 
15-39. These effects are useful for 




(6) Variable width blanking gate 




allowing simultaneous general views 
and close-ups of the same scene, for 
insertion of commercials, or for other 
material. 

Other “Special Effects.” The auto¬ 
matic fade and lap-dissolve and wipe 
circuits may be classified as special- 
effects circuits, inasmuch as they can 
be used to combine video from dif¬ 
ferent channels in such a way as to 
produce artistic effects and to time- 
share video, i.e., space-share images 
from two different program sources. 
Other special effects include so-called 
“keyed insertions," in which any 
arbitrary portion of one video signal 


(?) Variable width blanking gate 




(g) Composite video 

Eio. 15-38. Principles involved in 
“ Wipe” circuits. 


is blanked out and either may or may not be replaced by video from 
another channel, depending on the effect desired. 1 For this purpose a 


1 For h description of typical circuit techniques used in producing various special 
effects, sec W. A. ilurfoid, Combined Spcciul Effects Amplifier for Television Tele- 
Terh., pp. 50-53, November, 1951. 
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film camera channel or flying-spot scanner, using a slide carrying the out¬ 
line of the area to be removed, may be used to provide a keying signal foi 
a blanking gate for one video signal and another inverted blanking gate 
for the signal (if any) to replace it. 

A certain amount of sophistry in circuit design is necessary for any of 
the special-effects amplifiers. Extreme care must be exercised in the 
design of the gating circuits to prevent rings or bands from appearing 



(a) Horizontal wipes 



(6) Vertical wipes 



(c) Diagonal wipes 

Fig. 15-39. Various geometrical shapes involved in wipes. 


around the outlines of inserted video, and precautions must be taken to 
avoid switching transients. 

General. The complete multichannel mixer-amplifier equipment has 
the multiplicity of inputs and one or more of the switching means just 
described. Arrangements may be made to make use of the various spe¬ 
cial-effects devices which have been mentioned. After the final video 
selection is made, it remains for the rest of the unit to amplify the signal, 
insert the synchronizing information, and sometimes reinsert blanking- 
level pedestal, particularly after wipes or special effects have been per¬ 
formed. These circuits are similar to the same circuits in the camera 
control unit. It may be desirable to replace the cathode-follower out¬ 
put with a low-impedance feedback amplifier for linearity and constant- 
output impedance considerations. A variation of the amplifier of Fig. 
10-21 is very suitable. 

The operations described as part of the mixer-amplifier are under the 
control of the program director, who has available picture monitors show¬ 
ing the outputs of all cameras under his jurisdiction, as well as the master 
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picture monitor showing the actual output signal from the mixer-ampli¬ 
fier.^ Because of the nature of its use, this combination of mixing and 
special-effects equipment is referred to in general as the master control 
equipment, although it is more common to refer to such equipment used 
in program building as in a live studio or film studio as “studio con¬ 
trol,” with the program selection function, such as selection between 
complete program sources, i.e., several studios, remote sources, or net¬ 
works, as “master control.” 

The exact placement and usage of equipment depends upon the size of 
station and its mode of operation, and considerable flexibility is possible 
in the arrangement of the camera control, studio control, and master 
control equipment, depending on the size and requirements of a particu¬ 
lar installation. 

15-13. Synchronization between Program Sources and Video Signal 
Enhancement. It is often desirable to switch rapidly, and with no notice¬ 
able picture disturbance, from one program source to another or to dis¬ 
play simultaneously portions of pictures from separate sources where the 
separate sources are supplied from different synchronizing generators. 
Such situations may exist where remote pickups are involved or where 
network programs are interposed with local program material. It is pos¬ 
sible to accomplish this by phasing the local synchronizing generator 
with that of the remote program source, by clipping the synchronizing- 
signal portion from the video from the remote source, and bv using it in 
connection with afe circuits of the nature described in Chap. 13 to con¬ 
trol the frequency and phase of line and field rates of a local synchroniz¬ 
ing generator. 1 


At the same time, it is possible to improve the characteristics of the 
remote signal, which may have been degraded in transmission. Clamp- 
,n g and clipping techniques can be employed to restore 1-f components, 
remove hum, and establish constant black-level pedestal. Synchroniz¬ 
ing-signal amplitudes, which may have been compressed and may have 
noise components, may be clipped, amplified, and used to control local 
synchronizing equipment as described above, and the local synchronizing 

signal substituted for the degraded synchronizing pulses in the original 
video signal. 

16-14. Power Supplies for Picture-generating and Synchronizing 
Equipment. It should be emphasized that most of the circuitry involved 
in picture-generating equipment requires well-regulated sources of power 
for plates and grids of tubes and, in some instances, for filaments as well. 
In very-low-level signal circuits, it is occasionally necessary that filaments 
^ operated from d-c equipment in order to eliminate hum problems. 

Where a chain of several amplifiers is involved, the common plate sup- 
P y must have a very low internal impedance in order to minimize regen- 
'b. M. Ix*edH, Automatic T.V. Sync. Lock, Electronic», pp. 99-101, July. 1951 
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eration, which would lead to instability. The requirement is extremely 
rigid if no decoupling between circuits is used, sometimes requiring 
power-supply impedances on the order of a small fraction of an ohm. 
Where pulses are involved, as in the synchronizing and sweep systems, 
the power-supply impedance must likewise be low at frequencies corre¬ 
sponding to the principal frequency content of the pulses, in order to 
prevent cross coupling between circuits. 

In most instances, a series regulator circuit of the general form shown 
in Fig. 15-40 is applicable. The input voltage can be approximated by 
the d-c voltage from the rectifier-filter combination, in series with the 



Fig. 15-40. Elements of series-voltage regulator circuit. 


I 




E bb +AE L 



a-c component or ripple, all in series with the effective internal imped¬ 
ance. Such a representation of the source is an oversimplification but is 
satisfactory for the analysis of the performance of the regulator. The 
required load current passes through the bank of series tubes, their num¬ 
ber depending on the total current requirement. A fraction, 0, of the 
output voltage is applied to a d-c amplifier with open-circuit gain Go, 
plate resistance r pl , and load resistance R for its final stage. The volt¬ 
age across the resistor R provides a feedback voltage to the grid of V2, 
the polarity being such that an increase in output voltage across the load 
resistance Rl causes an increase in the current through R. This increase 
makes the grid-cathode voltage of Y2 more negative, thereby increasing 
the drop across the tube, which is in the proper direction to reduce the 
change in output voltage. The reference voltage E R , which determines 
the size of the fraction /$, is usually obtained from the drop across a con¬ 
stant-voltage glow-discharge tube fed from the output of the regulator 
itself through a series resistor chosen in such a way as to provide the 
desired current through the tube. An analysis of the equivalent circuit 
winch neglects the portion of the load current diverted through both R\ 
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and R as well as the current through the glosv-discharge tube shows that 
the change in output voltage AEi. which results from a change in input 
voltage AE S is given approximately by 


where 


Ah l mk “b 1 
AE\ ~ 


d = TT 


R 


2 


k = 


K\ = 


R i + R« 

R + r v i 
G 0 R 


a. If 


(15-24) 


with G’o being the open-circuit gain of the amplifier. 1'he effective inter¬ 
na! resistance is given approximately by 


ft. = - (15-25) 

provided |/36\>| » 

The amplifier providing the feedback may be an inverting amplifier 
such as a single triode, a pentode, or a cascode stage. If very good reg¬ 
ulation and very low internal impedances are required, such a stage may 
be preceded by a noninverting amplifier of one or more stages having the 
required amount of gain. The series tubes are chosen on the basis of 
the required amount of current consistent with low tube drop. 

Theoretically, better regulation would be obtained if R were returned 
to the cathode rather than to the plate of the series tube. This improve¬ 
ment would be realized if the same K { could be obtained, but, as a prac¬ 
tical matter, either R would have to be reduced or the current through 
the final amplifier tube would have to be reduced in order to maintain 
the proper bias on the grid of V2. Either choice would reduce A', to the 
point where any advantage would be nullified. 

Usually, no attempt should be made to obtain good h-f response of the 
regulator system, and a few hundred kilocycles would be the upper limit. 
Low internal impedances at the higher frequencies are normally maintained 
by sufficient shunting capacitance Co across the output of the supply. 



CHAPTER 16 


ELEMENTS OF VIDEO TRANSMITTERS AND 

RADIATING SYSTEMS 


16-1. Introduction. The most noteworthy distinction between a 
transmitter for video signals and one for aural information is the greatly 
increased requirement on bandwidth in the video case, necessitating the 
use of relatively low-Q tuned circuits in r-f stages which amplify video- 
modulated signals. Also, the extreme bandwidth requirements necessi¬ 
tate the use of the vhf and uhf portions of the spectrum 1 with the accom¬ 
panying problems of equipment design peculiar to these frequencies. 

The general problems relating to the transmitter-receiver relationship 
were discussed in Chap. 9, and the advantages of using vestigial-side¬ 
band amplitude modulation for the video information as a means of con¬ 
serving bandwidth were pointed out and its characteristics discussed. 

I he question of negative vs. positive transmission was discussed in 
Chap. 13, and the choice of negative modulation for commercial broad¬ 
casting was explained. Reasons for the choice of frequency modulation 
tor the aural information were presented in Chap. 9. 

In the present chapter, broadcasting techniques and equipment, par¬ 
ticularly those relative to commercial broadcast standards, are discussed 1 
The techniques are, of course, applicable to other system standards 

Because of tube and circuit limitations as the frequency is increased 
(see Chap. 10 for a discussion of uhf effects in tubes and circuits and 
the properties of transmission lines and resonant cavities as circuit ele¬ 
ments), the use of the higher frequencies must be accompanied by tube 
development for the generation of large amounts of carrier power at uhf. 
Great strides have been made in this field in recent years. The use of 
disk-seal tnodes and tetrodes, either single or in multiple, in resonant- 
cavity arrangements and the development of high-power klystrons have 
hastened the design of practical television transmitters in the uhf region 

The radiation of power developed by the transmitter is also a broad¬ 
band problem. Any antenna should be capable of radiating equally all 

■ See Appendix C for chart showing present television channel allocations in the 
United States. 

1 An abridged version of FCC standards governing commercial broadcasting is given 
m Appendix D. 
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the sideband frequencies in the modulated signal. Also, for commercial 
broadcasting, from the economic standpoint, it is desirable that a single 
design cover a range of several channel widths. Such a design minimizes 
the number of different antenna sizes required for the total number of 
channels. Because of dimensions involved in various antenna struc¬ 
tures, a different type of antenna is required at uhf from that at vhf. 



For broadcast coverage, antennas should have fairly omnidirectional 
characteristics as opposed to those for point-to-point relay systems, 
which must be highly directional. 

16-2. General Problems in Transmitter Design. One particular 
problem in transmitter design relates to the method of modulation and 
the power level at which video modulation takes place. Introduction of 
the video-modulating signal at a low r-f power level in a high-power 
transmitter as shown in Fig. 16-1 precludes the use of high-efficiency 
class C power amplifiers in the i-f stages following the modulated stage. 
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Instead, linear class B broad-band stages must be used. If modulation 
is introduced in the grid or plate circuit of the final power amplifier as 
shown in Fig. 16-2, a large portion of the r-f power amplification may be 
accomplished by narrow-band high-efficiency class C power amplifiers; 
however, a large amount of signal power must be developed in the video 
amplifiers which modulate the high-power r-f stage. If low-level modu¬ 
lation is used, the subsequent class B power amplifiers may have, as 




(a) Double tuned circuit as bandpass amplifier 



Flo. 10-3. Response of single und cascaded overcoupled double-tuned circuits (shunt- 
tuned secondary). 

plate-coupling elements, tuned bandpass r-f networks which fit the over¬ 
all prescribed bandpass characteristic of the system. Each of the stages 
must be tuned individually for the desired characteristic. If a sufficient 
number of stages is used, the skirts of the selectivity curve of the over¬ 
all amplifier will be sufficiently steep for the prescribed characteristic. 
The response of cascaded overcoupled stages, with each stage having a 
rise of 3 per cent at the peaks, is shown in Fig. 16-3 for two, four, and six 
stages and compared with the ideal response. Added rejection at criti¬ 
cal frequencies may be obtained by trap circuits of the type shown in 
^hap. 8 in one or more of the stages. If only one or two broad-band 
stages are employed, as in a low-power transmitter, or where high-level 
modulation is employed, the tuned circuits do not provide sufficient 
rejection outside of the band and a vestigial-sideband filter must be 
incorporated in the output coupling circuit to remove the unwanted side- 
hand resulting from double-sideband modulation. 

The modulator is a wide-hand video amplifier which must develop the 
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required amount of video power to fully modulate whatever stage is 
involved. The modulator must be something more than a simple video 
amplifier. Because the video signal is derived from many sources, it 
sometimes has defects which must be overcome before it is considered of 
broadcast quality. Some of the defects are incorrect synchronizing signal 
amplitude, degradation of 1-f response, superposition of 1-f hum com¬ 
ponents, and large noise peaks. Clamps are used to remove unwanted 
components and to restore degraded components. Synchronizing pulse 
stretchers, which remove synchronizing pulses, amplify them separately, 
and reinsert them or in some other way preemphasize the synchronizing 
amplitude, represent an important component in the modulator. Some 
of these techniques were discussed in Chap. 15. 

The modulation characteristic should be essentially linear down to 
12.5 per cent of peak carrier amplitude. Either grid or plate modula¬ 
tion may be employed. Plate modulation results in a more linear mod¬ 
ulation characteristic. However, particularly for high-channel vhf or 
for uhf operation, where plate modulation is employed, there is some 
incidental phase modulation present as a result of the electron cathode- 
plate transit time. For this reason, grid modulation is usually consid¬ 
ered preferable and gives a sufficiently linear characteristic for the 
required modulation depths of 87.5 per cent of peak carrier amplitude. 

For low- and medium-power class B broad-band power-amplifier stages, 
conventional grid-driven tetrodes maj' be used, either in push-pull or sin¬ 
gle-ended. Neutralization may or may not be required. However, at 
the higher power levels, it is a preferable practice to employ grounded- 
grid cathode-driven stages. 1 Such methods minimize the problem of 
variable loading due to grid current, and the problem of increased capaci¬ 
tance required for neutralization and provide a better impedance match 
to the driving circuit at the higher frequencies. 

Transmitter Phase Characteristic. Prior to the adoption of NTSC 
color standards, no specification was placed either on the over-all phase 
characteristic of the television system as a whole or on the transmitter 
itself, although, as discussed in Chap. 9, various proposals had been made 
to specify phase-correction networks in the video modulator to compen¬ 
sate for the phase errors of the average system, including both transmit¬ 
ter and receiver in the region of h-f cutoff, as well as in the region of the 
vestigial-sideband characteristic. 

In the color-subcarrier system, it is essential that the over-all time 
delay throughout the video pass band be constant to within narrow 
limits. This characteristic is obtained by two separate phase correc¬ 
tions in the transmitter modulator: 

1. Correction of the 1-f video phase characteristic to compensate for 

1 J. W. Downie, L. M. Ewing, H. B. Fancher, and J. E. Keister, Design of Televi¬ 
sion Transmitters for Low Level Modulation, Tele-Tech., December, 1947. 
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that of the transmitter bandpass cutoff characteristic near the carrier 
so that the total envelope delay of the transmitter output is essentially 
constant. This specification does not correct for the vestigial-sideband 
phase characteristic of the receiver. It would not be reasonable to do so 
because such delay errors vary widely from one receiver to another. 

2. Correction of the h-f video phase characteristic to compensate for 
the combined nonlinear phase shift near cutoff for both transmitter and 
what might be defined as the average receiver. This correction is pos¬ 
sible because the phase errors of receivers falling within the limits of 
satisfactory h-f attenuation characteristics and employing minimum 
phase-shift networks as bandpass filters throughout have similar phase 
errors. 


Exact specifications for these phase characteristics are given in Appen¬ 
dix D. 

16-3. Elements of Class B Tuned Power Amplifiers. Any power 
amplification of the carrier signal after modulation normally is accom¬ 
plished by linear class B tuned power-amplifier stages. Details concern¬ 
ing the design of such stages for maximum efficiency and the power rela¬ 
tionships in such amplifiers are to be found in the extensive literature of 
radio engineering. 1 For tin? specific application to television broadcast¬ 
ing, the bandpass characteristic must be specified. At the lower fre¬ 
quencies where lumped circuit constants may be used, the double-tuned 
slightly overcoupled circuit with high primary Q is usually employed as 
the coupling element, as shown in Fig. 16-3. At the higher frequencies 
where transmission-line elements and resonant cavities are employed as 
plate loads, the dimensions and spacings are chosen to give a response 
curve similar to that of the overcouplcd circuit. For the double-tuned 
circuit, the secondary Q and the coefficient of coupling are uniquely 
defined by the spacing between the unity points on the relative-gain 
curve t.nd the amount of rise above unity at the peaks in response. 
These relationships were given by Eq. (8-94) and Eq. (8-96) as 



1 W. G. Wagoner, .Simplified Methods for Computing Performance of Transmitting 
Tubes, Hroc. I HE, Vol. 25, No 1, June, 1937 

Examples of textbooks containing analysis and design of class R stages: F. K. 
Terman, “Radio Engineering,” 3d cd., McGraw-Hill Rook Company, Inc., New 
York, 1947; S. Seely, “Electron-tube Circuit*,'’ M« Craw-Hill Book Company, Inc., 
New York, 1950. 
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where G' pk is the gain at the peaks relative to the gain at the center fre¬ 
quency and 5i is the fractional deviation at unity relative response. 

The input impedance of the coupling circuit is given by Eq. (8-97) in 
terms of the above quantities as 

z __L__ 

ln C 1 A- 2 Q 2 27 t/ 0 


or by substitution of Eq. (8-94) and Eq. (8-96) into Eq. (8-97), giving 


Z ia = 


[(G' pk - voa -1)]* 

~ G> A/ C, 


(16-1) 


From Eq. (8-94) and Eq. (8-96) and the expression for Q 7 = R^oC*, the 
actual value of shunt-load resistance in the shunt-tuned case illustrated 
in Fig. 16-3 for a specified response curve is 



_vEFD_ l 

G' pt - VOX - 1 2x0, A/ 


(16-2) 


Often, a response having a rise above that at resonance of 3 per cent at 
the peaks is used, that is, G'^ = 1.03. For this case, the required value 
of R 7 is 


.. 0.092 

A/ Co 


(16-3) 


and the input impedance of the tuned circuit at resonance is 



0.136 

A/ (\ 


(16-4) 


For the series-timed case shown in Fig. 16-4 with Q 2 = i/uoRsCz, the 
value of /?2 required is 





(16-5) 


For the specific case of G pk = 1.03, the value of R 2 is 



0.280 A/ 

~ Cjo- 


(16-6) 


The shunt-tuned circuit is most applicable for grid-driven siages used 
at the lowest frequencies used for television broadcasting and for rela¬ 
tively low power stages. For low power levels, the principal component 
of Ri is an actual shunt resistance across the output. For higher levels, 
the positive grid current of the driven stage presents a loading which is 
an appreciable amount of the total and thus causes the bandwidth to 
vary with the amount of modulation. At the higher frequencies, another 
variable loading component is represented by the transit-time conduct- 
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ance [see Eq. (10-22)], which varies as the square of the frequency. For 
these reasons, the grounded-grid amplifier is more often used for the 
higher power stages for both high- and low-channel operation and for all 
stages for high-channel vhf or for uhf operation. The input impedance 
of the grounded-grid stage can best be driven by the series-tuned circuit. 
However, except at the lowest frequencies, the required value of Ri is 
lower than this input impedance, and a better match can be obtained by 
the modified series-tuned circuit as shown in Fig. 16-5. 



Fig. 10-4. Double-tuned coupled circuit Fig. 16-5. Series-tuned circuit with rapaci- 
^series-tuned secondary). tive loading to match low impedance load. 


In many instances, class B power-amplifier stages are operated in push- 
pull. An example of design is shown by the simplified schematic dia¬ 
gram of Fig. 16-6 for low-level wide-hand class B stages. The video- 
modulated carrier is applied from the plates of the modulated stage to 
the points A-A. The first power-amplifier stage shown is an 820B tet¬ 
rode with cross neutralization, which is necessary because of the rela- 



Fio. 1(4-6. Simplified schematic of low-power-level class R tuned push-puil amplifiers 
(type TT10A transmitters). (Courtesy of General Electric Co.) 


tively high grid-plate capacitance even though the tube is a tetrode. The 
next stage is represented by grid-driven 4D21 tetrodes, which require no 
neutralization other than the screen tuning which uses a capacitor in 
series with a screen inductance tuned to resonance at the carrier fre¬ 
quency to ensure that the screen is at r-f ground potential. The inter¬ 
mediate and high power stages for the same transmitter are shown in 
Fig. 16-7. The output of the circuit of Fig. 16-6 is applied to the grids 
of another grid-driven stage, the output of which is applied to the push- 
pull grounded-grid triodee. The output at C-C is intended to drive a 
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200-ohm impedance. The resonant circuit identified as trap 1 and the 
tuned circuit identified as trap 2 across the outputs are used to provide 
a sharper cutoff at the edge of the band near the carrier and are tuned 
to frequencies slightly lower than the lower edge of the desired pass band. 
The high-level stages of such a design can deliver an output of about 
15 kw at the peak of the r-f carrier. 



Fig. 16-7. Simplified schematic of medium-power-level class B stages (type TT10A 
transmitter). (Courtesy of General Electric Co.) 



Fig. 16-8. Transmission-line tuning of wide-band power-amplifier stage 

For high-channel vhf operation, it is usually necessary to use transmis¬ 
sion lines as coupling elements between stages because of the difficulty 
of obtaining lumped circuit parameters at these frequencies. One of the 
forms of inductive coupling shown in Chap. 10 may be used. One 
example is illustrated in Fig. 16-8. The plate load consists of a fore¬ 
shortened quarter-wave short-circuited line made of pieces of cylindrical 
tubing fitted over the plate cylinders of disk-seal coaxial tubes such as 
the 4X150A. Tuning can be effected by varying the position of the 
shorting bar, which changes the effective electrical length of the line. 
The plate lines are inductively coupled to the cathode lines of the fol¬ 
lowing grounded-grid stage, which are nominal three-quarter-wave lines. 
The lines are broken at the point which is a miarter wavelength from the 
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short-circuited end, and the combination series-shunt tuning elements 
inserted. These tuning elements determine the shape of the response 
curve and are placed at a voltage maximum where the effect upon tun¬ 
ing is the greatest. The shorting bar can be varied in position for adjust¬ 
ing the quarter-wave section to the-proper length for different channels, 
and the metal plate in the field provides slight adjustments in tuning 
within a particular channel. 

If very high-power outputs are to be obtained at vhf, it of course 
becomes necessary to use tubes of much higher power rating and the 



Fig. 1G-9. Simplified representation of power-output stage with resonant-cavity 
tuning, for low-channel vhf operation (35 kw peak output). (Courtesy of General 
Electric Co.) 


design of high-power coaxial triodes poses special problems. 1 Dimen¬ 
sions of such tubes relative to the wavelengths involved make desirable 
the use of reentrant-type resonant cavities as plate loads even for low- 
channel operation. A simplified schematic of the plate circuit of such 
a stage is shown in Fig. 10-9. The reentrant cavity is of the type illus¬ 
trated in Chap. 10. The plate of the tube is r-f connected to the inner 
cylinder, while the grid, which is at r-f ground, is connected to the outer 
shell, which is rectangular rather than cylindrical in this particular case. 
Tuning is effected by varying the dimension a of the cavity by the short- 
circuiting ring as shown. The grid-cathode circuit is driven from a coax¬ 
ial line from the output of a lower power transmitter through a rather 
complicated impedance-matching network. This is necessary, inasmuch 
as the input impedance of a triode of this size presents an impedance of 


‘It. H. Ilhcaumc, A Co-axial Power Triode for 50-KYV Output up to 110 me., 
Proc. IRE, Vol. 40, No. 9, pp. 1033-1037, September, 1952. The triode described 
here has been used by the General Electric Co. :iBa 35-kw power amplifier driven from 
a 5-kw low-channel transmitter. 
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Direction 
. of air flow 



Fig. 16-10. Paralleled tubes with rectangular resonant cavity as plate load for high- 
channel vhf operation (20 kw peak output). (Courtesy of General Electric Co.) 



-Electric field lines 

Fig. 16-11. Reentrant resonant 
cavity in annular-ring form. 


only a few ohms to the driving source. Fur¬ 
thermore, this impedance is far from constant 
over the desired bandwidth of the system. 

As the operating frequency is increased, 
the electrode spacing must be decreased, thus 
making it more difficult to maintain opera¬ 
tion within tube dissipation ratings. Fur¬ 
thermore, the effective area of the cathode, 
upon which depends the available emission, 
becomes smaller, and all the r-f losses in the 
insulating sections of the tubes become 
greater. This is a problem even for high- 
channel vhf operation, and one possible solu¬ 
tion the requirement for higher power for 
high-channel transmitters is the use of par¬ 
allel tubes in rectangular cavities as shown 
in Fig. 16-10. As an example of what can 
be done, it has been possible to raise the 
power of a 5-kw high-channel transmitter 



VIDEO TRANSMITTERS AND RADIATORS 525 

to 20 kw by the use of two parallel type 6166 tetrode tubes. For such 
power levels, it is still possible to use coaxial line input to the grid circuit, 
even though the plate load is a resonant cavity. 

At uhf, the tube problem becomes much more acute, 1 and multiple- 
tube operation is quite often resorted to even for relatively low power 
output. One form of multiple-tube output stage can be built by making 
use of the annular ring cavity of the reentrant type. Such a cavity is 


Shorting ring 




Coaxial 

output 



(a) Annular cavity with coaxial 
tubes as exciting sources 


(6) Coupling to annular cavity 
with coaxial line 


Fig. 10-12. Grounded-grid tubes for annular-cavity plate-load operation. 


shown in Fig. 16-11. The field in each cross section is the same as for 
the reentrant cylindrical cavity shown in Chap. 10. The electric-field 
lines for the TEM mode are shown in Fig. 16-11. The exciting source 
should be such as to set up the proper mode in each cross section, i.e., 
an annular exciting source. This can be approached by disk-seal tubes 
in multiple 2 as shown in Fig. 16-12a. This particular arrangement would 
be for a grounded-grid amplifier. Several methods of coupling to the 
output are possible. One is by means of the coaxial line as shown in 
Fig. 16-126, where the field between inner and outer conductor is set up 

1 For a study of uhf power-amplifier tube design, see P. T. Smith, Some New Ultra- 
high-frequency Power Tubes, RCA Rev., Vol. 13, No. 2, pp. 224-238, June, 1952. 
Thia article contains extensive reference to previous literature on the subject. 

*D. H. Preist, Annular Circuits for High Power, Multiple Tube, Radio Frequency 
generators at Very High Frequencies and Ultra-high Frequencies, Proc. IRE, Vol. 38, 
No - 6, pp. 515-620, May, 1950. 
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across the gap between the ground plane and the inner ring. The same 
arrangement for cavities for both input and output circuits is shown in 

Fig. 16-13. 

Grid-driven tetrodes can also be used in annular circuits and have 
been used in uhf television transmitters. A cross-section view given in 
Fig. 16-14 shows an annular-ring frequency tripler driving another annu¬ 
lar-ring power amplifier, each using 
eight 4X150A tubes. 1 

For very high power at uhf, con¬ 
ventional tubes are limited most 
fundamentally by the amount of 
emission that can be obtained from 
the necessarily limited cathode area 
and by the fact that the heater 
itself is in the r-f field. This and 
other limitations have been pointed 
out in the previous discussion. 
However, it has been possible to 
design tetrodes having a central 
circular-anode structure with an 
array of small cathode-grid-screen 
structures arranged about its pe¬ 
riphery 2 and connected essentially 
in parallel. By careful design for 
such things as effective internal by¬ 
passing and arrangement of elec¬ 
trode supports for maximum isola¬ 
tion between input and output cir¬ 
cuits, it is possible to use such tubes 
as grid-driven tetrodes at frequencies up to 1,000 Me. Such tubes when 
used with properly designed grid and plate cavities, have been used to 
generate up to 15 kw of peak power. 3 It is possible to parallel these 
tubes to obtain higher power outputs. 

The limitations on performance of conventional negative-grid tubes at 
uhf are not inherent in the klystron, particularly since the cathode is not' 
in the r-f field. The principles of operation of a three-cavity klystron 

1 L. S. Lappin and J. R. Bennett, A New Ultra-high Frequency Television Trans¬ 
mitter, RCA Rev., June, 1950. This is one of the earlier uhf developments before 
tubes with greater power canabilities were available and is not representative oh sub¬ 
sequent design trends. 

* W. P. Bennet, A Fifteen-kilowatt Beam Power Tube for UHF Service, IRE 
Transactions on Broadcast Transmission Systems, pp. 11-17, March, 1955. 

» L. L. Koros, a Novel UHF Television High-power-amplifier System, IRE Transac¬ 
tions on Broadcast Transmission Systems, pp. 18-21, March, 1955. 


Output 



Fio. 16-13. Annular cavities for both 
plate and grid circuits. Transmission- 
line coupling in both cases. 
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Fia. 16-15. Simplified sketch of three-cavity power klystron. 



Fio. 16-16. Fifteen-kilowatt power klystron of integral-cavity type mounted on tube 
dolly. (Courtesy of General Electric Co.) 

suitable for high-power uhf transmitters are described briefly as follows: 1 
In the sketch shown in Fig. 16-15, electrons are accelerated to anode 
potential and focused into a parallel beam emerging through a hole in 
the anode. The electron beam passes successively through three reso¬ 
nant coaxial cavities connected by the so-called “drift tubes.” The r-f 
drive to the first cavity velocity modulates the electron beam, which 
causes the electrons to arrive in “bunches” at the output cavity. The 

* N. Hiestand, High Power Klystron Amplifier Design, IRE Convention Record, 
Part 4, pp. 129-131, March, 1953. 
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second cavity functions as an amplifier stage. The output cavity can be 
tuned to resonance and coupled to the antenna. The collector dissipates 
the energy left in the beam after part of it has been given up to the r-f 
field. The focusing coils external to the cavities keep the beam from 
spreading as it passes through the cavities and the drift space. A com¬ 
mercial-type klystron is shown in Fig. 16-16. The three cavities are 



Flo. 1<H7. Klystron power amplifier in uhf television transmitter. KW/ru* „f 
General Electric Co.) 


built of copper and are part of the tube itself and of the vacuum system. 
The ends of the cavities can be bent inward under pressure sufficiently 
to tune them over a reasonable range. The tuning range is such that a 
total of six tubes can cover the entire uhf range of 470 to 890 Me. Such 
tubes are referred to as integral-cavity tubes. They provide a power 
gain of about 200 and can deliver peak powers of about 15 kw from a 
60-watt exciting source. The klystron has proved to be a satisfactory 
power amplifier for uhf television transmitters' and is used to deliver up 

' H. M. Crosby, Five-KW Klystron UHF Television Transmitter, Electronic •« on 
108-112. June, 1051. ’ 


. M. Crosby, High Power UHF Television Broadcasting Systems, IRE Con, 
Record, Part 4, pp. 132-130, March, 1953 


rn- 
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to 12 or 15 kw of power. A photograph of a power amplifier klystron 
stage is shown in Fig. 16-17. The focusing coils are shown m place. 
The output is coupled into a waveguide at the top of the transmitter. 

It is possible to combine the outputs of several 12-kw klystron ampli¬ 
fiers, and this has been done to achieve approximately 45 kw of peak 
power with four amplifiers. 1 

A slightly different type of klystron is the external-cavity type 2 shown 
in Fig. 16-18. Only a small portion of the cavities as bounded by the 
ceramic cylinders shown are integral to the tube; most of the cavity can 


Fi«. MM 8 . External-cavity klystrons. (Courltsy of Eilel-McCuUouyh, Inc.) 


be built external to the tube outside of the vacuum system. This offers 
some advantage in the amount of tuning range which can be covered 
with a single tube although there are other problems inherent in this 
design. The three tubes shown cover the entire uhf broadcast range. 

16-4. Output Coupling Circuits and Transmission Lines. Transmis¬ 
sion lines, properly matched to the input impedance of the antenna, are 
used to transfer r-f energy to the antenna over what is sometimes a con¬ 
siderable distance. Nominally, standard 50-ohm rigid coaxial or semi- 
flexible line is used, the size depending upon the required power rating. 
Power ratings and attenuation vs. frequency characteristics for a par¬ 
ticular type of cable were shown in Fig. 10-80. In the ultra-high fre¬ 
quencies, as the frequency is increased, the losses of coaxial line for long¬ 
distance transmission become such that it is preferable to replace such 
transmission line with hollow-pipe rectangular waveguide as a transmis¬ 
sion element. Losses as a function of length for various sized cables are 
shown in Fig. 16-19. 

1 F J. Bias and R. F. Stone, Achieving one Megawatt ERP in the UHF-TV Band, 
IKE Transactions on Broadcast Transmission Systems, pp. 27-34, March, 1955. 

1 D II. Prcist, C. E. Murdock, and J. J. Woerner, High-power Klystrons at UHF, 
Proc. IRE, Vol. 41, No. 1, pp. 29-25 January, 1953. 
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A single power-output stage is sometimes used, particularly where 
high-level grid modulation of the final stage as a class C power ampli¬ 
fier is employed. However, push-pull output stages are very common, 
particularly for vhf medium power equipment. For obvious reasons, it 
is desirable to use a single transmission line, and it is therefore necessary 
that the balanced output be converted to a single-ended system. At the 
same time, it is necessary that a balanced output be obtainable for most 
antenna structures which are useful at the frequencies involved. 



3 /a" 


Va 


Fig. 16—19. Attenuation characteristics of coaxial r-f transmission lines as a function 
of length for various frequencies. 


Sections of transmission line can be used to convert between balanced 
and unbalanced lines and loads. 1 Devices which make such conversion 
possible are referred to as “baluns.” 

Antennas used for television broadcasting can be used for both the 
visual signal and the accompanying aural signal. Lines from the visual 
and aural transmitters may be coupled together in a bridge arrangement 
known as a “diplexer,” 2 which is balanced in such a way that the power 
from either the visual transmitter or the aural transmitter cannot flow 
from one to the other. A more complicated device known as a triplexer 4 
makes possible the use of the same antenna for the output of a standard 
f-m transmitter, as well as for the television signal. 

A possible form of balanced to unbalanced converter, or balun, is 
shown in Fig. 16-20. A push-pull coupling link from the transmitter 

1 P. J. Sutro and E. (J. Fuhino, A Wide Band Transformer from Balanced to Unbal¬ 
anced Line, Proc. I HE, Vol. .'15, No. 9, pp. 1153-1155, October, 1947. 

1 W. H. Bayer und J. M. Bell, Television Antenna Diplexers, Electronics, July, 1950 
PI>- 74-77. 

Also see Lappin and Bennett, op. cit., and Crosby, op. cit., for description of “notch ’ 
diplexers as used in uhf transmitter outputs. 

* J. J. Wolf, Triplex Antenna for TV and FM, Electronics, July, 1947, pp, 88 91. 
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output is shown as feeding the two sections of transmission line. The 
lines are two 100-ohm quarter-wave lines. With the particular connec¬ 
tions shown, these lines convert the nominal 200-ohm output from a bal¬ 
anced system to the nominal 50-ohm characteristic impedance of stand¬ 
ard coaxial line. The lines can actually be different from 100 ohms with 
a length slightly different from X/4 with the capacitance used to tune 
them to exact X/4 resonance. Thus, a balanced transmitter output can 



I'm. If>-20. Uw* of balun for conversion from balaneeil source to unbalanced load. 



(a) Single ended voltage generator, grounded at generator, 

ungrounded at receiving end 



(6) Shorted % line at receiving end for giving balanced output 
Fig 10-21. Form of balun for converting unbalanced source to balanced output. 

be used to feed a single coaxial transmission line. This particular link 
is not necessary if single rather than push-pull output tubes are used. 
However, if a single-ended high-power amplifier follows the final stage of 
a push-pull medium-power transmitter, the same type of balanced-to- 

unbalanced link would be used between the two stages. 

It may be necessary to balance the single-ended output from the trans¬ 
mission line. For such a purpose, the form of balun shown in Fig. 16-21 
is applicable. The signal source shown in Fig. 16-2 la is unbalanced at 
the generator but tends to become balanced at the load if the line is 
long because of the finite impedance of the outer conductor. The bal¬ 
ance can be made exact by the X/4 sleeve having its outer conductor 
grounded. Because of the high resonant impedance of the X/4 short- 
circuited line, the impedance to ground of the outer conductor of the 
original load is increased, causing the output to he essentially balanced. 
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The diplexer, which can be used to mix the output of the visual and 
aural transmitter, is represented in principle by the bridge circuit shown 
in Fig. 16-22a. The input impedance of two transmission lines feeding 
the antenna are represented by the resistive elements R Na and R B w. 



To To 

East-West North-South 

bays bays 




50 ohm line from 
Aural transmitter 


50 ohm 
line from 
visual 
transmitter 


(6) Practical form of diplexer 

Fxo. 10-22. Diplexer for combining the outputs of two transmitters. 


This representation refers to the fact that, for omnidirectional antennas, 
two separate sets of elements at 90° with respect to each other are used 
to provide an essentially circular radiation pattern. The two induct¬ 
ances in the bridge, Li and L* p are equal. Thus, it is apparent that if 
the bridge is balanced, that is, L\ = L* and R NH = R eWt points 1 and 2 
will be at the same potential as far as the aural signal is concerned, and 
none of it will cause cross talk into the visual transmitter. If the out¬ 
put of the visual transmitter is perfectly balanced with respect to ground, 
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point 3 will be at ground potential and no energy will be fed into the 

aural transmitter. . 

A practical embodiment of a diplexer is shown in Fig. 16-226. Single- 
ended output from the aural transmitter is divided at the junction fehown 
and is fed directly through to each of the two transmission lines. Both 
the stub and the balun, as far as the aural output terminals are con¬ 
cerned, are X/4 short-circuited lines, and therefore no energy is fed back 
into the visual transmitter. As far as the visual signal is concerned, 
the balun is of the basic type which has just been described (the trans¬ 
mission line surrounded by the X/4 coaxial sleeve). The outer conductor 


Filter 

structure 



fc 

Input to line Output of line 

Fig. 16-23. Elements of vestigial-sideband filter. 

goes to the N-S transmission line and the inner conductor to the E-W 
line. The two X/4 matching sections are in series across the push-pull 
visual output, i.e., a path for visual energy exists between inner and 
outer conductors of the visual transmission through the X/4 sections in 
series. If the output is balanced, however, point A remains at ground 
potential and no energy can flow back into the aural line. Furthermore, 
the two X/4 sections in series present a high impedance to visual energy, 
and very little current can flow in this path. 

In addition to the transmission-line elements which have just been 
described, there is required in the transmission line, particularly where 
high-level modulation is employed, a vestigial-sideband filter 1 for atten¬ 
uation of the unwanted sideband. This consists essentially of a highly 
selective branch circuit as shown in Fig. 16-23, tuned in the region of the 
unwanted sidebands. The filter may be of the absorption type, which 
is resistive over the range and absorbs the power of the unwanted side¬ 
bands, or it may be the reflective type, which, by virtue of its reactance, 
reflects power back into the output tubes, where it is dissipated. 

i G. H. Brown, A Vestigial Sideband Filter for Use with a Television Transmitter, 

RCA Rev., Vol. 5, pp. 301-326, January, 1941. 

H. A. Salinger, A Co-axial Filter for Vestiginl Sideband Transmission in Television, 
hroc. IRE, Vol. 29, No. 3, pp. 115-120, March, 1941. 

See Lappin and Bennett, op. cit., and Crosby, op. cit., for sideband filters for uhf. 
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16-6. Transmitting Antennas for Television Systems. It is useful to 
keep in mind certain concepts relating to antennas in general in consid¬ 
ering suitable radiating characteristics for television signals. 

Antenna Impedance. The antenna, as seen from the transmission line 
which feeds it, should be properly matched to the characteristic imped¬ 
ance of the line, and furthermore it should maintain this match as nearly 
as possible over the full bandwidth of the radiated signal in order to pre¬ 
vent reflections back along the line, with consequent power loss at some 
of the frequencies involved. In other words, the antenna must be 
broad-band. 

Radiated Power and Directivity. For general broadcast purposes, the 
antenna structure should be such as to radiate power with the highest 
efficiency and therefore should concentrate as much power as possible in 
the horizontal plane. For general broadcast coverage, it should be as 
nondirective in azimuth as possible, i.e., omnidirectional, but, for point- 
to-point relaying, it should be highly directive in azimuth as well as in 
elevation. 

The directivity of an antenna is defined as the ratio of the maximum 
power produced per unit area at a given range in the direction of maxi¬ 
mum power flow to the average power flow at the same distance, or as the 
gain in power at the point in question over an isotropic radiator emitting 
the same total power as the antenna being considered. 

Radiation Resistance. If an antenna is perfectly conducting (no resis¬ 
tive losses in the structure itself), the resistive component of impedance 
is due only to the loss of power by radiation and is called the radiation 
resistance. It is thus the value of resistance which, when multiplied by 
the square of the antenna current at the feed point, gives the radiated 
power. It is this value of resistance to which it is usually desired to 
match the transmission line, inasmuch as the antenna reactance should 
be made as small as possible. 

Polarization. The designation of polarization usually refers to the 
directions of the 8 or // fields produced by the antenna. If the 8-field 
lines are horizontal, the wave is said to be horizontally polarized, and 
if they are vertical, the wave is vertically polarized. 

16-6. Antenna Structures. The point of departure for the analysis 

% 

of television broadcast antennas is usually the half-wave dipole, fed from 
a balanced transmission line and mounted horizontally as shown in Fig. 
16-24a. If the antenna is very thin compared with its length, the cur¬ 
rent distribution is sinusoidal as shown and is a maximum at the feed 
points. The field intensity pattern measured in the horizontal plane is 
shown in Fig. 10-2-16. The terminal impedance also includes some series 
inductive reactance. In order to reduce this reactance to zero, the actual 
length is usually made slightly less than A/2. 
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The radiated power from an infinitely thin half-wave dipole can be 
shown to be 1 

P r = 73.127* (16-7) 

where I is the effective value of the antenna current at the feed point. 
The radiation resistance is thus 

R r = 73.12 ohms 

It is convenient to express the effectiveness in a given direction of 
more complicated antenna structures in terms of the radiated power m 

b-*-H 



(a) Center fed dipole structure 



[b ) Radiation pattern of half wave dipole 
Fig. !f>-24. Thu thin dipole and its radiation pattern. 


the desired direction relative to that of the half-wave dipole in .its direc¬ 
tion of maximum radiation. Such an expression is referred to as the 
power gain G r , relative to that of the dipole. 

The field intensity in the direction of maximum for the dipole is 



(16-8) 


at a distance d, and for an antenna with power gain G, is 

8 r = S d VGr (16-9) 

The Cylindrical Dipole. Where the diameter of the dipole is not neg¬ 
ligible in comparison with the length, the values of input impedance and, 
therefore, the radiation resistance are different from those for the thin 

dipole. .... . . 

By treating the dipole as an opened-out transmission line, various cnar- 

i g ee textbooks on radiation theory for derivation of radiation characteristics of 
the dipole, e.g., S. A. Schelkunoff and II. T. Friis, “Antennas, Theory and Practice,” 
John Wiley & Sons, Inc., New York, 1952. 
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acteristics may be deduced. 1 An expression for average characteristic 
impedance of the structure shown in Fig. 16-25 can be shown to be 


Z e ( av) = 120 


( 


In - — 1 — i In 
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(16-10) 


The radiation resistance is approximately 
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The attenuation function for an “equivalent” transmission line is 

2R ra ., 
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(16-12) 


The input resistance and reactance are 
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These equations 
half a wavelength, 
second-order corrections are made 
for these effects. The lines must be 
slightly shorter than values given 
in order to present resistive loads to 
the transmission lines. The reactive 
component is capacitive at lengths 
shorter than half a wavelength and 
inductive at longer lengths. I he 
impedance can be represented, al- 



in error because of end effect, and 



(a) Rough circuit approximation of the 
cylindrical dipole 



(6) Addition of parallel resonant circuit 
for broadbanding 

n r s,ub 


////////✓///. ■ /✓✓/✓//✓///> 


(c) Broadbanding with parallel resonant stub 

Fig. 16-26. Increasing the bandwidth 
of ihe cylindrical dipole. 


indicate that the reactance is zero for multiples of 
The results are 


thr ugh not accurately, by the series HLC circuit shown in Fig. 16-20u 

1 Work of E. Sicgal and J. l>abus. See E. C. Jordan, “Electromagnetic Waves nn.i 
Radiating Systems," Chap. 13, Prentice-Hall, Inc., New York, li)50, for one discos 
«im. of tin- method. 
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The effective resistance R can be made larger by increasing the diameter 
a of the structure. This increase has the effect of lowering the effective 
Q and making the impedance more broad-band. The impedance can be 
made even more constant by the addition of a parallel resonant circuit 
as shown in Fig. 16-266. A practical embodiment of this is the X/4 
short-circuited line as shown in Fig. 16-26c. A variety of impedance 



(a) Crossed dipole elements 
(in horizontal plane) 



(6) Radiation pattern of crossed dipoles 
Fio. 16-27. Crossed-dipole antennas. 



Horizontal 

plane 


Fig. 16-28. Stacked crossed-dipole 
array. 


characteristics can be obtained by variation of the length of the stub 
in conjunction with modified dipole lengths. 

Other analytical treatments of the cylindrical dipole are to be found in 
the literature. 1 

The Turnstile Antenna. By crossing two half-wave dipoles as shown 
in Fig. 16-27a, the horizontal field pattern shown in Fig. 16-24 may be 
modified as shown in Fig. 16-276 if the two pairs are excited with volt¬ 
ages 90° out of phase with each other. This phase difference may be 
accomplished by making the effective length of the transmission line to 
one pair longer than that to the other by X/4. The crossed-dipole con- 

1 See, for example, J. D. Kraus, “Antennas,” Chap. 9, McGraw-Hill Book Company, 
Inc., New York, 1950, for a discussion of the method of Halldn. This volume also 
has extensive material on other practical antenna structures. 
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figuration is commonly referred to as a turnstile antenna. The power 
gain of the set of turnstile elements in the direction of maximum is about 
0.66. Thus, the omnidirectional characteristic is achieved at the expense 
of a slight reduction in gain in the direction of maximum for the simple 
dipole. 

Antennas, such as the turnstiles, may be stacked vertically as shown 
in Fig. 16-28. The spacing between elements is X/2, and the feed lines 
must be transposed to alternative vertical elements in order to put the 
excitation in phase for all elements 
having the same orientation. 

Stacking in this fashion increases 
the elevation directivity, which re¬ 
sults in an effective power gain over 
that of a single set of crossed ele¬ 
ments. Two bays give an almost 
uniform horizontal field intensity 
at all azimuths about equal to the 
maximum field from a single half¬ 
wave dipole with the same power 
input. In other words, the power 
gain is approximately 1. Usually, 
two transmission lines, one for all 
east-west elements and one for all 
north-south elements, would be 
brought from the diplexer output 
to the impedance-matching junction box at the base &i the antenna, from 
which individual branch lines would be connected to individual elements 
of the stacked array. 

It was pointed out that the impedance of a dipole varies less rapidly 
with frequency as the diameter of the cylindrical element is increased. 
However, the size and weight of such broad-band elements present a 
mounting and wind-loading problem, particularly in the case of the 
stacked-turnstile configuration. 

A marked improvement in broad banding can be made by expanding 
the cylinders of the cylindrical dipole into cones as shown in Fig. 16-29a. 
Such a structure is referred to as a biconical antenna. The current dis¬ 
tribution relative to that of the thin dipole is shown in Fig. 16-2%. 

Slotted-shcet Antennas. An antenna may be made up of two X/4 stubs 
connected together as shown in Fig. 16-30a. The efficiency of such a 
structure is low because the horizontal wires carry current in opposite 
phase, which makes their fields tend to cancel. The end wires, although 
carrying currents in the same phase, are not efficient radiators because 
they are too short. However, if the conductor is expanded into a large, 
flat sheet as illustrated in Fig. 16-306, the currents are not cot.fined to 



(a) Bi-comcal antenna 



(6) Current distribution 

Fig. 16-2'.). Broad banding by use of the 
biconieel antenna. 
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the edge of the slots but spread out over the entire sheet. If the con¬ 
ducting sheet were infinite in extent, the radiation pattern would be 
similar to that of the half-wave dipole except that the electric and mag¬ 
netic fields are interchanged, i.e., a horizontal slot would radiate a ver¬ 
tically polarized wave. The terminal impedance of a slot antenna is 



(a) Antenna of two connected % stubs 



(6) Elementary slot antenna 



'mam. 


wmwr u 


W=2d 


(c) Flat dipole equivalent of slot 
Fio. 15-30. Elements of the Blot antenna. 


equal to one-fourth the square of the intrinsic impedance of the sur¬ 
rounding medium divided by the terminal impedance Z d of the comple¬ 
mentary dipole. 



7 377* 

Z ‘ 4Zd 

(16-15) 

or 

7 377 2 

' 4 {R d +jX d ) 

(16-16) 


Thus, where the dipole is inductive, the slot is capacitive, and where the 
slot is inductive, the dipole is capacitive. 

A slotted antenna, mounted vertically as shown in Fig. 16-3lo, gives 
a radiation characteristic similar to that of a cylindrical dipole, except 
that the impedance characteristic is determined by the width of the slot 
in the flat sheet. If the sheet is made finite in extent and cut back at 
the center as shown in Fig. 16-3lb, the current distribution over the sur- 
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(a) Vertical slot radiator 

Fig. 


(6) Shaped vertical slot 
radiator 


(c) Shaped vertical slot 
radiator with slotted sheet 


16-31. Modification of the slot antenna 



I*io. 16-32. Six-bay superturnstile antenna in position for vertical pattern measure¬ 
ment. (Courtesy of General Electric Co.) 

face becomes more uniform and the impedance characteristic becomes 
less a function of frequency. No serious changes in characteristic are 
made if the sheets are replaced by rods as shown in Fig. 10-3lr if the 
spacing is small compared with a wavelength. 

The Supertumslile, or “ Batwing” Antenna. Two of the structures just 
described may be crossed in the same manner as the dipoles in order to 
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provide ail essentially circular horizontal-radiation pattern. Such a 

structure is referred to as a superturnstile, or batwing, antenna. A 

number of these may be stacked ap- 

14 1 proximately one wavelength apart 

” ^-- to give increased horizontal direc- 

12 tivity. A six-bay stack is shown 

« in Fig. 16-32, which represents a 

10 " typical vhf broadcast station an- 

o " tenna. However, even from a single 

| 8 “ 6 ba bay, the radiation away from the 

■5 7 , / . ^ . — horizontal plane is small compared 

.5 6 —" r with that of a simple turnstile, and 

“ " one bay gives a uniform horizontal- 

J 4 i^ 3 _ bay field intensity equal to the maxi¬ 

mum from a single half-wave dipole 
2_ /I bay with the same power input. Broad- 

( ( ( ( i ( ( band characteristics are such that 

174 180 186 192 198 204 210 216 three antennas are sufficient to 

Frequency, Me cover the 12 commercial channels in 


OJ 

g 10 


% 8 


•6 bay 


<u 

i 4 


3 bay 


•1 bay 


174 180 186 192 198 204 210 216 
Frequency, Me 


Fig. 16-33. Power gain of superturnstile the vhf range. The actual OOWer 
structure relative to dipole. (Courtesy of ; f the batwing relative to that 

of the simple dipole is shown in 
Fig. 16-33. This illustration shows the broad-band characteristics and 
the advantage of stacking elements. The directivity characteristics in 
the vertical plane are shown in Fig. 16-34. 


a. 0.7 


o> 

I 0.6 

4> 

I 0.5 




?90 -80 *-70 -60 -50 -*0 -30 -20 -10 0 10 20 30' 40 50 60 70 80 90 

Vertical angle-degrees 

Fig 16-34. Vertical pattern of six-bay superturnstile. ( Courtesy of General Electric 
Co.) 
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The Slotted-cyUnder Antenna. The slotted-sheet antenna may be bent 
into a cylinder as shown in Fig. 16-35. Most of the cur¬ 
rent tends to flow in horizontal loops around the cylinder. 

If the diameter of the cylinder is only a very small frac- ^ 

tion of a wavelength, the radiated field is horizontally po- 
larized and has essentially omnidirectional characteristics. 

The pattern characteristics vary markedly with variation 
in radiator dimensions, and considerable control over the 
radiation pattern can be effected by using arrays of slots 1 
disposed in various ways along the length of the vertical 
cylinder. Such an array as used in uhf broadcasting is 
illustrated in Fig. 16-36. 2 It consists of a V/a-\n. OD 
copper tube mounted coaxially inside a 10 3 4 -in. OD steel 
pipe in two lengths joined at the center. There are 22 
layers of half-wave slots, each layer consisting of four slots equally spaced 




Fig. 1G-3 5 . 
Elementary 
slotted-cylin- 
der radiator. 



Fw ariny lor iilif (< -!/<>• IfCA.) 


' 0*w>rgc Sinclair, Tin* Patterns of Slotted Cylinder Antennas, l‘ror iliE, Vol do 
No. 12, pp. 1487 1192, December. 1918. 

*0. O. Fiet, Ultra-high I'loqiieney Antenna and System for Television Trunsinis- 
Itr. 1 Urv ., June, IU50. 
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around the circumference. The inside copper tube functions as a trans¬ 
mission line which feeds power to the slots, the slots being driven by 
radial probes fastened to the irmer tube. Such an arrangement eliminates 
the necessity of individual feed lines to each layer of slots. Because of 
the large number of elements required in an array at uhf for the required 
antenna gain, such a feed arrangement offers marked advantages over the 
turnstile array scaled to these frequencies. Many other configurations 

are possible at uhf. 1 

The Helical Antenna. An array consisting of a number of turns of a 
helix can be made to radiate in various modes, depending upon the orien¬ 
tation and dimensions of the heUx. One of these modes is the axial mode 



Fin. 10-37. Single-bay 10-turn center-fed helical antenna. (Courtesy of General 
Electric < ’o.) 


of radiation in which the field is a maximum in the direction of the helix 
axis. This mode occurs when the helix circumference is about one wave¬ 
length. The radiation tends to be circularly polarized. In the normal 
mode of radiation, the field is a maximum in a direction normal to the 
helix axis. The radial dimensions for the dipole-type normal mode must 
be small compared with a wavelength. In this case the 8 vector is axial 
in direction. Helices large compared with a wavelength may also radiate 
nominally normal to the axis, but with the 8 vector also normal to the 
axis. For these modes, the helix turns are two or more wavelengths in 
circumference. Like the circular slot antenna, a form of helical antenna 
array can be used at uhf to reduce the number of feed points required for 
a large number of elements. A single bay, consisting of five turns each 
of a right- and left-hand helix joined at the center and with the center 
as a feed point, is shown in Fig. 16-37. 2 This bay, consisting of 10 hel¬ 
ical elements, represents one bay of a multibay array in a vertical stack. 
The length of a bay is five wavelengths, which corresponds to the dis¬ 
tance between feed points in a stacked array. Each turn of the helix is 
two wavelengths in circumference at the velocity of propagation along 

, J Epstein, D. W. Peterson, and O. M. Woodward, Jr., Some Types of Omnidirec¬ 
tional High-gain Antennas for Use at Ultra High Frequencies, RCA Rev., Vol. 13, 

No. 2, pp. 137-102, June, 1952. . . . 

* I, O Krause, Sidetire Helix UHF-TV Transmitting Antenna, Electronics, August, 

1951, pp. 107-109. 
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the helix. Thus, one feed point applies excitation for all helical turns in 
the bay. 

A coaxial line is used to feed the entire five-bay array illustrated in 
Fig. 16-38, with the mast itself being the outer conductor. The inner 
conductor is short-circuited to the mast a quarter wavelength above the 
top bay feed, for purposes of mechanical support and r-f isolation of the 



Fia. 10-38. Five-bay helical-antenna array being hoisted into |,o.sh.v,n. (Courtesy of 

General Electric Co.) 

rest of the mast. The individual bays are probe-connected to the inner 
conductor, each being adjusted so that each bay receives one-fourth of 
the input power. A power gain relative to a dipole of 20 nmy readily 
be achieved using the four-bay helical antenna. 

16-7. Propagation at UHF and VHF. T he principal mode of propaga¬ 
tion at the frequencies used in television broadcasting is space-wave 
propagation as illustrated in Fig. 16-39. The space wave consists of two 
components, the direct wave and the ground-reflected wave. At the fre¬ 
quencies involved there is only sporadic sky wave propagation (transmis¬ 
sion by waves reflected from the ionosphere). Also, the surface v/ave is 
attenuated at such a rapid rate as to have no appreciable effect. Ordi- 
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narily, useful transmission is confined to essentially line-of-sight ranges; 
however, relatively long-distance transmissions have been recorded. 1 
Such transmissions are sometimes due to reflections from the tropo¬ 
sphere under certain atmospheric conditions and to certain scattering 
effects in the region of the ionosphere. 

If the space wave alone is considered, the field intensity at a height hz 
and at a distance d from a radiator at height h x above a plane conduct¬ 
ing earth can be determined from consideration of Fig. 16-39. The 



Fio. 16-39. Components of space wave at vhf and uhf. 


ground-reflected wave undergoes a phase reversal at the point of reflec¬ 
tion, and this inverted wave reaches the receiving point by a path slightly 
longer than that of the direct wave. The two waves add in such a way 
as to change the field intensity from the free space value given by Eq. 
(16-8) and Eq. (16-9) by a factor which is dependent upon the wave¬ 
length and the difference in path length. For transmission distances con¬ 
siderably greater than the antenna height, the maximum field intensity 
from a dipole can be shown from the geometry of Fig. 16-39 to be 



120/ . 27r/i,/i 2 
d Sm Xd 


(16-17) 


and if the distance d is sufficiently large so that 


sin 


2 irh \h 2 

\d 


2irh ih -2 
Xd 


the value of field intensity is 



240/7r/ii/i 2 

Xd 2 


(16-18) 


1 H. G. Booker and W. E. Gordon, A Theory of Radio Scattering in the Tropo¬ 
sphere, Proc. IRE, Vol. 38, No. 4, pp. 401-412, April, 1950. 

D. K. Baily, el al., A New Kind of Radio Propagation at VHF Observable over 
Long Distances, Phys. Rev., April, 1952. 

Kenneth Bullington, Radio Transmission beyond the Horizon in the 40 to 4000 Me. 
Band, Proc. IRE, January, 1953, pp. 132-135. 
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In terms of the power radiated from the dipole, the results are 


S<* = 


14 y/Pd . 2irh\hi 
-:- sin 


\d 


and 


S d = 


88 \/Pj hih 2 

Ad 2 


(16-19) 

(16-20) 


where P, t is the power radiated from the dipole in the direction of 
maximum. 

The field intensity from a more efficient radiator is 

C r = 6, VG r (16-21) 

where G r is the power gain relative to that of the dipole. 

Representative curves of fie.i intensity as a function of distance in 
terms of specific radiated power and antenna heights are shown for var¬ 
ious frequencies in Fig. 16-40 as curves (6) plotted from Eq. (16-17). 
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Fin. 16-40. Field intensity curves for spare-wave propapation. (F. E. Terman, 
“Radio Engineering," 3 d ed„ p. 619, McGrau.'-Hill Book Company, Inc., New York, 
1947.) 


These are compared with the free space values as curves (a), and with 
more exact values plotted as curves (c) obtained from taking other fac¬ 
tors into account as discussed below. 

The curvature of the earth affects the results obtained from the above 
equations in several ways. The most important effect is the actual limi¬ 
tation of propagation to essentially line-of-sight ranges. For a curved 
earth, the maximum line-of-sight range between transmitting and receiv¬ 
ing points is 

do = 1.23 y/Ki + 1.23 y/h-i (16-22) 


where do is the distance in miles and h.\ and h% are in feet. Because of 
refraction in the earth’s atmosphere, the effective “radio” horizon is 
greater than the optical horizon. This refraction can be taken into 
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account by considering that the radius of the earth is a factor k times 
the actual radius, this factor being taken as 1.33. By applying the 
factor to Eq. (16-22), the effective radio line-of-sight distance may be 


expressed as 


dr = \/2h\ + y/2h* 


(16-23) 


At less than horizon distances, the effect of the curvature of the earth 
is to reduce the difference in path length between the direct and ground- 
reflected wave, with a resulting tendency to reduce the field intensity at 
the received point. This effect is partially canceled by the fact that the 
reflection takes place from a spherical surface, which causes the reflected 
wave to be more divergent. The partial cancellation of these effects 
permits the plane-earth approximation to be a fairly good one. 

More precise equations which take into account the various factors as 
influenced by a spherical earth yield the curves (c) of Fig. 16-40. 1 

All the results as described have been in accordance with smooth- 
earth theoiy and are subject to considerable modification as a result of 
irregular terrain. 2 Results of a number of these propagation studies 
have shown that at the lower end of the vhf range, field strengths at a 
large percentage of receiving locations are close to those predicted from 
smooth-earth theory, but as the frequency is increased progressively 
upward through the uhf range, measured field intensities fall further and 
further below theoretical values. A particular problem is that of multi- 
path transmission, which becomes more troublesome as the frequency is 

increased. 

From calculated field intensities, the power density in a wave at a 
receiving location is given by 

P = % (16-24) 


where Z, is the intrinsic impedance of the medium, which for free space 
is 120 t or 377 ohms. 

Signal-to-noise ratio considerations at the receiver, which determine 
the required field intensity and, thus, the required radiated power from 
the transmitter, will be discussed at the beginning of the following 

chapter. 

1 K. A. Norton, The Calculation of Ground Wave Field Intensity over a Finitely 
Conducting Spherical Earth, Proc. IRE, Vol. 29, No. 12, December, 1941. 

s G. H. Brown, J. Epstein, and D. W. Peterson, Comparative Propagation Measure¬ 
ments, Television Transmitters at 67.5, 288, and 910 Megacycles, RCA Rev., June, 

G H Brown, Field Test of Ultra-high-frequency Television in the Washington 
Area, RCA Rev., December, 1948. 

R F Guy, Investigation of Ultra-high-frequency Television Transmission and 
Reception in the Bridgeport, Connecticut Area, RCA Rev., March, 1951. 

J. Epstein and D. W. Peterson, An Experimental Study of Wave Propagation at 
850 Me., Proc. IRE, Vol. 41, No. 5, pp. 595-011, May, 1953. 


CHAPTER 17 


TELEVISION-RECEIVER FUNDAMENTALS 

AND DESIGNS 

17-1. Introduction. The receiver for video signals is basically the 
superheterodyne, similar in principle to those used for aural broad¬ 
cast reception, but performing additional functions required for picture 
reproduction. Such a receiver is inherently much more complicated 
because of these additional functions which must be performed and 
because of the much greater requisite bandwidth for visual information. 

In most television systems including those used in commercial broad¬ 
casting, the video signal includes recurrent information which is used to 
maintain the picture-tube sweep waveforms in synchronism with those at 
the pickup tube. The nature of the synchronizing information used in 
commercial systems was discussed in C hap. 12. It thus becomes a 
required function of the video receiver to extract horizontal and vertical 
synchronizing information from the video signal and use it for controlling 

timing of the receiver sweep circuits. 

Most of the discussion in this chapter relates specifically to the prob¬ 
lems of reception of commercial broadcast stations within the specific 
channels allocated, although much of it is general and applicable to any 
television system using similar methods. 

A further requirement of the usual television receiver is that it also 
properly handle the aural portion of the signal. It has been pointed out 
in Chap. 9 that the commercial television broadcasting system in this 
country utilizes a 6-Mc channel with vestigial-sideband transmission in 
the video and with an f-m aural carrier at a frequency of 4.5 Me above 
the visual carrier. Somewhere in the receiver circuit, the aural signal 
must be separated from the visual signal, and each goes its separate way 
to its own reproducer. 

This separation logically occurs either at the output of the mixer, in 
which case separate aural and visual i-f channels are required, or at the 
output of the second detector or video amplifier, in which case the i-f 
channel is common to both picture and sound. Certain advantages are 
inherent in the latter arrangement as was pointed out in Chap. 9, and 
discussions in the present chapter of i-f and detector circuits refer prin¬ 
cipally to this method, which is referred to as the intercarrier sound 

system or carrier-difference sound reception. 
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A block diagram of a typical receiver is shown in Fig. 17-1. Types of 
circuitry involved in some .portions of such a receiver have been discussed 
in previous chapter's and will be covered only briefly here; however, ele¬ 
ments which are more uniquely applicable to receiver problems are dis¬ 
cussed at greater length in the present chapter. 




(a) Monochrome receiver 


Color decoder 
amplifiers and 
synchronization 
circuits 



1 ri-color 
tube 


(6) Additional functions in c 0 |or receiver 
Fio. 17-1. Elements of a television 'eceiver. 

Where color-information transmission and color reproduction become 
part of the problem, the situation is considerably more complicated. 
Since color can be considered as an additive to standard monochrome 
systems, it is convenient to defer discussion of the color portion of 
receivers to the latter sections of the chapter. 

Because of the limited range of transmitter coverage at vhf and uhf 
os discussed in Sec. 16-7 and because of the desirability of obtaining sat¬ 
isfactory reception in the so-ca’ied fringe areas, considerable attention 
must be paid to the signal-to-noise-ratio performance of receivers. This 
consideration involves highly directive antenna arrays mounted at opti¬ 
mum heights and receiver fnput circuits having as low a value of thermal 
and shot noise as possible. The problems involved in achieving sat¬ 
isfactory receiver sensitivity are considerably more difficult at uhf 
than at vhf at the present state of the art regarding tube and circuit 
performance. 
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17-2. Receiving Antennas. The r direction^.^ttem of a receiving 
antenna is identical with its directional pattern as a transmitting antenna 
Further, the impedance of an antenna referred to a specific pair of termi¬ 
nals is independent of the method of excitation. Thus, these two impor¬ 
tant characteristics need be determined only once, regardless of the use 
of the structure. However, the most desirable directional characteristics 
for transmitting purposes may not be the most desirable for receiving 
purposes. A broadcast antenna, except for directional relaying pur¬ 
poses would usually be designed to be nearly omnidirectional, whereas 
the receiving antenna might be highly directional in order to reduce the 
effect of interference signals and noise arriving from directions other than 

that of the desired signal. 

The basic problem at a receiving location is that of providing the 
greatest possible signal-to-noise ratio at the input to the receiver. The 
matching of the antenna impedance to the input-circuit impedance may 
or may not be the same for best signal-to-noise ratio as for maximum 
power transfer, although the condition for maximum power transfer must 
be used if reflections on the transmission line are to be minimized. 

The field intensity from a source within radio horizon, but at distances 
| ()ll g compared with antenna heights, was found according to smooth- 
earth theory, as expressed in Chap. 10, to vary inversely as the wave¬ 
length ie., directly with frequency. In practice, however, measured 
field intensities usually fall far below values given by this theory at uhf 
because of the many effects of irregular terrain. The actual power den¬ 
sity in a wave at a receiving location was given from Eq. (10-24) as 


1 7 


(10-24 


where Z. is the intrinsic impedance of the medium (377 ohms for air). 
The effectiveness of a receiving antenna may be expressed in terms ol 

the effective area . which is defined as 


.1 = ^ 

- 1 e 1J 


(17-1 


where is the power in a load properly matched to the antenna imped¬ 
ance and I> is the power density of the incoming wave. The effective 
area is usually understood to be defined in terms of the antenna being 


oriented properly for maximum effectiveness. 

The effective area of a thin half-wave dipole may be shown to be 


A, = 0.13X- 


(17-2) 


1 For discussion of the fundamental aspects of receiving antennas as well as for 
transmit'ing antenna* and the analysis of the lmsie antenna types, see S. A. Srhel- 
Unoff and H. T. Friis. - Antennas, Theory and Practice,” John Wiley A Sons, Inc., 

N«*W York. 1052. 
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The effective area of 'any self-resonant antenna structure can similarly 
be shown to be directly proportional to the square of the wavelength. 
Examinations of Eqs. (16-20), (16-24), and (17-2) show the important 
relationships involved in the complete system. These equations show 
that the effectiveness of the over-all system in terms of the ratio of 
power delivered from the receiving antenna to a matched load to the 
power radiated from the transmitting antenna is independent of fre¬ 
quency in accordance with smooth-earth theory. However, as has been 
pointed out, because of terrain effects at uhf the radiated power must 
increase substantially to yield the same received power. 

An array of receiving-antenna elements has a greater effective area 

than a single element, and it can 
be shown that the effective areas of 
arrays as reeeiving-antenna arrays 
are proportional to their directivi¬ 
ties or power gains when used as 
transmitting antennas. 

The half-wave cylindrical dipole 
would be suitable for reception of a 
single vhf channel, but as has been 
shown in connection with its use as 
a transmitting antenna, its imped¬ 
ance characteristic as a function of 
frequency and, therefore, its band¬ 
width is not sufficiently constant for multichannel coverage. Further¬ 
more, its effective area is not sufficient for satisfactory long-distance recep¬ 
tion. Therefore, other forms are most often used for general broadcast 
reception. 

The Folded Dipole. A more constant impedance characteristic can be 
obtained by use of the folded dipole as shown in Fig. 17-2. In both 
upper and lower elements, the phases of the currents are such that the 
radiation fields add, although at frequencies far from resonance, the cur¬ 
rents are equal and opposite, and the fields tend to cancel. The radia¬ 
tion resistance of the folded dipole is four times that of the simple half¬ 
wave dipole (approximately 300 ohms). The impedance characteristic is 
sufficiently constant so that a single antenna may be used for reception 
of several adjacent channels. The actual length of the folded dipole 
should be about 95 per cent of a half wavelength in free space in order 
to compensate for end effects. The directivity characteristic in the 
equatorial plane is the same as that for the simple half-wave dipole. 

Because of the figure eight field pattern of the folded dipQle, it would 
be an excellent choice for a receiving location between two transmitters, 
each on different channels in the low-channel vhf portion of the spec¬ 
trum. However, such a situation is not the usual case, and, in the 


0.5 A nominal 
0.48 A actual 
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interests of noise reduction, it becomes desirable to suppress one of the 
lobes and orient the antenna to maximize the field in the direction of 


the signal to be received. A so-called “parasitic reflector” mounted 
behind the folded dipole as shown in Fig. 


17-3 acts to suppress the unwanted lobe 
shown in Fig. 17-4a and increase the direc¬ 
tivity in the forward direction as shown in 
Fig. 17-46. The resonant reflector is effective 
only over a narrow range of frequencies near 
X/2 and should be designed for the lowest 
frequency at which good reflector action is 
desired. 

If a half-wave folded dipole is designed to 



(a) Simple folded dipole 


operate satisfactorily as a low-channel vhf an¬ 


tenna, it will operate as a 3X/2 antenna over 
part of the high-channel range with the pat¬ 
tern shown in Fig. 17-4c. If the antenna is 
bent into a V, as shown in Fig. 17-5, the two 
lobes adjacent to the smaller main lobe will 



V'oiricide and add. \\ hen used in this manner, 


(6) With parasitic reflector 



Kio. 17-3. Folded dipoli - with parasitic rellector. Fig. 17-4. Field pattern of 

folded dipole with and with¬ 
out purasitic reflector. 


suppression of the rear lobe is obtained without the use of a reflector. 
However a reflector would have to ho used for low-channel operation. 
Used in this manner, the V can be used for both low- and high-channel 
vhf reception. 

Often, two folded dipoles, each with its own parasitic element, are 
used to obtain both high- and low-channel reception. Each antenna can 
be oriented for its particular transmitter. A sketch of such an antenna 
is shown in Fig 17-0. If the same transmission line is used for both 
high- and low-channel elements, some consideration must be given to the 
connecting network. Consider the pair of folded-dipole structures shown 
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in Fig. 17-6. The low-band antenna has a high-baud field pattern which 
at some frequency may be the six-lobe affair shown in Fig. 17-4c. This 
element probably would not be oriented properly for the high-channel 
transmitters; however, it would provide pickup, which would increase the 



Fio. 17-5. High-channel operation of low-channel folded-dipole V antenna. 


2 



Fio. 17-6. Stacked two-element folded dipole for both high- and low-channel vhf 
reception. 

problems of multipath reception and excess-noise interference pickup. 
If a X/,/4 stub is added to the length of the connecting elements as shown 
and the feed point is 3X*/4 away from the low-band antenna, the ter¬ 
minals of the low-band antenha appear as a short circuit at the high- 
channel resonance and as an open circuit looking into the connecting 
terminals; thus, no high-channel signal is fed to the receiver via the low- 
channel antenna. 
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Other Antenna Structures Suitable for VHF Reception. Many antenna 
configurations are possible to obtain improved directivity characteristics. 
One of these is the fan type shown in Fig. 17-7 or the conical type shown 
in Fig. 17-8. Any of the various structures may be stacked vertically in 
a manner similar to that used for trans¬ 
mitting antennas. This stacking in¬ 
creases the concentration of power in 
the equatorial plane, with the cor¬ 
responding increase in effective area 
and improved noise suppression. 

VHF Antennas. Most antennas 
normally used for vhf are unsuitable 
in the uhf region, and much more 
attention must be paid to the direc¬ 
tivity characteristic. 1 In regions of 
fairly high field intensity, the tri¬ 
angular dipole shown in Fig. 17-9 is 
satisfactory for uhf reception. The 
antenna impedance is controllable by variation of the dipole angle. The 
impedance approaches 280 ohms (the proper match for the parallel trans¬ 
mission line discussed in the next section) at an angle of 70°. A plot of 
gain relative to a resonant dipole is made in Fig. 17-10a for different 
antenna lengths and dipole angles, showing that a 10-in. length repre¬ 
sents the most satisfactory compromise over the whole uhf broadcast 





range. The plot of gain for different dipole angles shows tin* 70° angle 
as being the best. The held patterns for the 10-in. 70° dipole are shown 

1 A discussion entitled “ Practical TV Antenna for UHF” by E. <). Johnson and U. F 
Jvolar, published by RCA, gives the relative performance of a number of antenna* 
suitable for uhf. 
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in Fig. 17-105. Lengths longer than 16 in. would show the undesirable 
side lobes, which are beginning to appear at the 900-Mc frequency. The 
directive gain may be increased, of course, by vertical stacking of several 

elements. 

An antenna made up of stacked V elements, one-half wavelength apart 
and connected with 300-ohm transmission line as shown in Fig. 17-11, 



Frequency 700 Me 
100 % 



(6) Field pattern for 16 inch, 70 degree dipole 
Fio. 17-10. Characteristics of triangular dipolo. {Courtesy of RCA.) 

provides greater gain than the triangular dipole. The gain as a function 
of length in wavelengths and the critical angle giving such gains are 
shown in Fig. 17-12. For a broad-band antenna, a compromise angle of 
about 50° is usually chosen, along with an element length of about 55 in. 
Better performance would be obtained for longer lengths, but the prob¬ 
lem of sufficient rigidity for single-end support becomes much more 

difficult. 

Another practical uhf antenna is the rhombic, as illustrated in Fig. 
17-13 which is simple, noncritical of dimensions, and provides a gain 
characteristic which increases with frequency. 

A bent triangular dipole used with a corner reflector is shown in Fig. 
17-14. Such an antenna can be designed in which the side and back 
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L in wavelengths 

Kio 17-12. Critical angle of stacked V antenna at* a function of wavelength. 
of RCA.) 
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Fio. 17-13. Rhombic antenna. (Courtesy of RCA.) 


1 \ Bent triangular dipole with comer reneetor. ^ ouricsu or 9{l'A 
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lobes of the radiation pattern are reduced to a very low value, thus 
improving its performance from the standpoint of multipath transmis¬ 
sion and noise, while at the same time providing greater directive gain. 

The six-element Yagi antenna shown in Fig. 17-15 provides high gain 
and directivity over a relatively narrow band and is quite useful for 
single-channel reception. 



Fio. 17-15. Six-element Vagi antenna for 
single-channel reception. ((’omiesi / of 

RCA.) 



20 40 60 80 100 200 

Frequency. Me 


Fio. 17-16. Characteristics of molded 
parallel transmission line. 


17-3. R-F Transmission Lines. The distances involved in connecting 
the antenna terminals to the receiver input makes the use of low- 
loss transmission line important. Low-impedance (in the vicinity of 
75 ohms) coaxial line has been used and has relatively low loss (2 to 
4 db per 100 ft at 300 Me) as tabulated in Chap. 10. However, it is 
relatively expensive for receiver installation, and, furthermore, requires 
some form of balun for proper matching to a balanced antenna. It has 
been a more common practice to use balanced parallel wire transmission 
line molded in polyethylene strips with dimensions which give it a char¬ 
acteristic impedance of about 300 ohms to match the most common vhf 
and uhf antenna structures.' Approximate attenuation characteristics 
as a function of frequency are shown in Fig. 17-16. Such transmission 
lines cannot be made completely impervious to moisture, and a number 
of improvements are possible. One of these consists in reverting to 
essentially an open-wire transmission line by removing most of the poly¬ 
ethylene web and thus eliminating surface leakage due to moisture con¬ 
densation, while another possibility is that of enclosing the entire solid 

i E. O. Johnson, Development of an IMtra Low D>ss Transmission Line for Tele¬ 
vision, RCA Rev., Vol. 7. No. 2, pp. 272-280, June, 1946. 




560 FUNDAMENTALS OF TELEVISION ENGINEERING 

dielectric line in a plastic moistureproof sheath. The improved charac¬ 
teristics are very often essential for satisfactory uhf reception. 

17-4. Receiver Sensitivity and Noise Figure. In order to determine 
the required signal field intensity for satisfactory reception at a given 
location, it is necessary to evaluate the effects of the various sources of 
noise and interference which tend to mask the signal. The voltage sig- 
nal-to-noise ratio of low-level input circuits was discussed in Chap. 4 
with regard to low-level video signal sources and output circuits and 
amplifier stages. Additional sources of noise at hf, vhf, and uhf were 
discussed in Chap. 10, and various amplifier-circuit configurations were 
compared on the basis of signal-to-noise ratio. 

In addition to input-circuit noise, there is noise picked up and intro¬ 
duced by the antenna itself. The relative importance of antenna noise 
and receiver input-circuit noise is a function of the frequency involved. 
Below about 20 Me, receiver-circuit noise can usually be made small 
compared with that received by the antenna as a result of local atmos¬ 
pheric conditions or interstellar radiation, while, up to about 70 Me, 
antenna noise becomes less although noise from man-made sources 
increases, and, above 70 Me, receiver-circuit noise begins to predomi¬ 
nate. 1 It may be assumed that the open-circuit rms noise voltage of a 
receiving antenna under such conditions is 

e„ 2 = 4 kT 0 R R A/ (17-3) 

where T a is thd effective noise temperature of the antenna and R r its 
radiation resistance. The exact determination of antenna noise at uhf 
is difficult because of the predominance of circuit noise in any receiving 
equipment, and, for purposes of comparison of the noise characteristics 
of receivers, it is usually assumed that the antenna noise is the noise of 
its radiation resistance at room temperature. 

It is convenient to base a discussion of the signal-to-noise ratio per¬ 
formance of receivers on the comparison of signal and noise powers. 
Several concepts basic to such a discussion, which leads to a basis of 
comparison in terms of what is defined as the noise figure , are outlined* 

below: 

The available power from any voltage source with a resistive internal 
impedance is the maximum power which can be delivered to a resistive 
load under conditions of impedance matching as shown in Fig. 17-17a. 

1 As pointed out by E. W. Herold and L. Malter, Some Aspects of Radio Reception 
at Ultra-high-irequency, Part I, Proc. IRE, Vol. 31, No. 8, pp. 423-438, August, 1943. 

* H. T. Friis, Noise Figures of Radio Receivers, Proc. IRE, Vol. 32, No. 7, July, 

1944. 

Harold Goldberg, Some Notes on Noise Figure, Proc. IRE, Vol. 36, No. 10, October, 
1948. 
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Thus, 



( 17 - 4 . 


The available noise power from a resistor li„ with a thermal noise volt¬ 
age E n 2 = 4 IcTRn A/ on the basis of the above definition is 

Pan = IcT \f (17-5) 

as shown in Fig. 17-17/,. This result is the noise power delivered by the 



(a) Source of internal resistance. R t feeding load. R 


El-AkTR£sf 



Rn 

A/VW 


r 

R E*-4kTRAf 


(ft) Noise transfer characteristic 
from source of thermal noise 


R. 

“• Amplifying system 
with available gam. 

—. G 



R ° 4 - 


Y A 



(c) Circuit including amplifier 
Kio. 17-17. Circuit elements for noise definitions. 


resistor to a noise-free resistor of equal resistance. The available signal- 
to-noise power ratio of a source is thus 

/> /<’ 2 

1 <»« _ _ /. 7 f.y. 

P an AhT/t. A/ 

The available gain of a system is defined as the ratio of the available 
power output (with the source connected) to the available signal power 
from the source itself. It should be pointed out that the available gain 
is a function both of the amplifier system and the manner in which it is 
connected to the source. 

The effective noise bandwidth is defined as the bandwidth of an ideal 
(flat-topped) bandpass network with available gain (J a that contributes 
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the same noise output as an actual network whose available gain is a func¬ 
tion of frequency G(f ) with a center frequency gain G a ; i.e., 

B = k f G(f) df 

The noise figure F of a passive or active network as shown in Fig. 
17-17c may be defined as the ratio of the available signal-to-noise power 
ratio at the input terminals of the network to the available signal-to-noise 
power ratio at the output terminals of the network. The noise figure 
is thus not a measure of the output signal-to-noise ratio but a meas¬ 
ure of the change in signal-to-noise ratio as both the signal and noise pass 
through the system. Furthermore, the noise figure is dependent upon 
the degree of mismatch between the network and source but is not depend¬ 
ent upon the manner in which the network is connected to the load, pro¬ 
vided only that none of the significant noise sources are associated with 
the output portion of the network itself. If the amplifying system itself 
is noise-free, the noise figure is F = 1. The noise figure is often expressed 
in decibels, as F Jh = 10 logio F. Thus, a noise figure of 1 is a noise figure 
of 0 db. . 

Let us consider, now, a system with specific noise sources as shown in 
Fig. 17-18a. The signal voltage E t might be the generated voltage of a 
receiving antenna with antenna impedance R. coupled to the receiver 
input-circuit impedance F, through a lossless transmission line. The 
system under consideration might be a receiver having a thermal noise 
associated with the input coupling resistance R i} plate-circuit shot noise 
designated as the noise of the equivalent grid resistance, R rq j, and, in 
addition, other sources of noise, such as mixer noise, etc., farther along 
in the system. 

The available signal power output of the system shown in Fig. 17-18a is 



(17-7) 


and the output available noise power in the band A/ is 


P aon 


( 4kT * WVr) 


Go 2 


4 F, 


AkTR tql AfG 0 2 , 
■*" 4/? 0 



(17-8) 


Q 

where E nq is a particular noise component and G q is the voltage gain from 
the input terminals to this particular voltage source. It is convenient 
to express the summation of the effects of these additional noise sources 
in terms of a second component of equivalent grid resistance R, qi as 


4 kTR. qi A/ - 
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Amplifier system with 
over-all open-circuit 
voltage gain, G 0 
input noise sources 

£*,= 4*7*, A/ 

E^AkTR^Af 
other noise sources in 
amplifier £*,, E^ . E 7 M 
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(a) Amplifier system with specific noise sources 



Equivalent amplifier 
with all noise sources 
referred to input 
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(6) Derivation of equivalent noise circuit 



Fm. 


(c) Amplifier with transformer coupling 


17-18. Equivalent noise oimiitR of amplifier 


romuM-t ions. 


whereby 


R _ 1 V 

n '" 2 4 kT Af Lt\Gj 


Therefore, a total R tq may be defined as 

1C, = tf.e i + 

as shown in Fig. 17-18b with Eq. (17-8) expressed as 


Paon = 


ur Af (/;"•*.) O' 


AkTlt' Af r,v 


+ 


\/{ 0 4 11 

The available signal-to-noise power-ratio output is 


aoB 


C fi ■ amJ 
4 ‘ r ^ + «-) 


(17-9) 


(17-10) 


(17-11) 


(17-12) 
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and the noise figure is 


which is 




(17-13) 


If the input impedance is matched to the antenna, the above equation 
shows a noise figure F = 2 or F Ah = 3 if /?', is negligibly small, and 
higher figures for larger values of R' eq . The matched-impedance condi¬ 
tion does not necessarily yield the lowest noise figure, and the degree of 
mismatch for lowest noise figure depends upon the relative values of R' t 
and R ,. However, the matched-impedance condition is usually neces¬ 
sary in television-receiver practice in order to minimize reflection in the 
transmission line, although for fringe-area reception some mismatch is 
tolerable in the interests of improving the noise figure, provided a good 
match does occur between antenna and transmission line. 

If the generator is coupled to the input-circuit resistance R { through 
an ideal transformer as shown in Fig. 17-18c, the noise figure may be 
shown to be 



Ri 4- n 2 R. 

R< 




(17-14) 


where n is the secondary-to-primary turns ratio of the ideal transformer. 
If impedances are matched, this equation reduces to 



(17-14a) 


This equation shows the desirability of using an impedance step-up 
wherever possible for improved noise figure. 

The situations illustrated by Fig. 17-18 have not taken into account 
the effect of transit-time loading at the input of the first amplifier stage 
or the input-conductance component resulting from lead-inductance 
effects. All the input-conductance components were illustrated in Fig. 
10-68. Figure 17-186 is modified in Fig. 17- 19a to include these addi¬ 
tional components. The noise-voltage component of transit-time con¬ 
ductance was given by Eq. (10-103), and it was pointed out that no noise 
voltage was associated with the input conductance resulting from feed¬ 
back. It was shown by Eq. (10-105) that the signal-to-noise ratio at 
the input was independent of the value of this component only if R', q 
was small; otherwise, the signal-to-noise ratio was affected as a conse¬ 
quence of input-circuit loading resulting from cathode-lead inductance. 

It is a desirable goal to reduce the cathode-lead inductance and its 
consequent grid-circuit loading as much as possible, and this is done with 
sufficient success in some uhf receiving tubes so that input loading from 
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this source can he neglected, with the resulting equivalent circuit shown 
in Fig. 17-196. 

It is desirable to minimize Ri as a source of noise, which can be done 
by an impedance step-up, shown in Fig. 17-19c, usually accomplished in 
practice by tuned coupled circuits. The extent to which /?, can be made 
negligible depends upon the frequency involved and the bandwidth 
required. 


E . 


(a) All noise sources considered 


E . 


(6) Negligible cathode lead inductance loading 



(c) Impedance step-up 

Fio. 17-10. Modifications of input circuits to include additional noise sources. 




Superheterodyne Mixer Noise. For an approximate representation of 
shot noise by an equivalent grid resistance R eq , reference is made to 
Eqs. (4-17) and (4-18) for triodcs and pentodes, respectively. The same 
tube used as a mixer is always noisier, and for a triodc. mixer the equiva¬ 
lent grid resistance may be expressed approximately by 1 



2.50- 


(17-16) 


1 W. A. Harris, Fluctuations in Spaoe-chargc-limitcd Currents at Moderately llih a 
Frequencies, Fart V, RCA Rev., April, 1941, pj>. 505 524. 
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where g m is the average value of the transconductance of the tube as an 
amplifier if averaged over the voltage conditions existing during an oscil¬ 
lator cycle and g 0 is the conversion transconductance. 

Equation (17-15) can usually be further reduced to 

R., = \ (17-16) 

9c 


For pentodes, the approximate expression is 



h 

h + Ic2 




(17-17) 


where h is the average plate current and / e2 is the average screen current. 
For multigrid converters and mixers, 



(17-18) 


where /„ is the total space current. Pentodes are noisier than triodes 
as mixers, and multigrid converters are noisier than pentodes. Neither 
pentodes nor multigrid converters are ordinarily used at uhf. 

At frequencies where transit-time loading is appreciable in the triode, 
a diode mixer will usually be less noisy than a triode. The noise of a 
crystal mixer may be represented approximately by an equivalent noise 
resistance, 

R„ = i (17-19) 

yc 

with the conversion transconductance g e given by 



(17-20) 


where r d is obtained from the e-i characteristic of the diode in the forward 
direction. 

17-6. R-F Input-circuit Design Considerations. In general, the band¬ 
width of the r-f sections of a video receiver must be broad enough to 
enclose the entire transmitter bandwidth curve if all available picture 
detail is to be retained. Theoretically, it should be possible to obtain 
the RA characteristic discussed in Chap. 9 in the r-f sections of the 
receiver; as a practical matter, however, where receivers must tune over 
a large number of channels, it is much more feasible to establish this 
characteristic in the fixed tuned i-f amplifiers following the frequency 
mixer. This method is always followed in commercial practice. 

In principle, an r-f amplifier is not necessary, and the signal could be 
fed directly to the tuned input circuit of the mixer. However, the prob¬ 
lems of image rejection, local oscillator radiation, excessive shot noise, 
and conversion loss of conventional mixers are such that a stage of ampli- 
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fication ahead of the mixer is desirable. It becomes exceedingly difficult 
to achieve appreciable gain ahead of the mixer for the higher uhf chan¬ 
nels, and an r-f stage is not used in most cases. Rather, a simple timed 
preselector is used ahead of a crystal diode mixer since triode mixer 
noise becomes excessive owing to transit-time effects. Then it becomes 
very important that the first i-f amplifier be of an extremely low noise 
type, since the diode mixer results in a conversion loss. However, disk- 
seal tubes of the planer or cylindrical type such as the pencil-type triodes' 
mentioned in Chap. 10, and the more recent development of conventional- 
type triodes suitable for operation up to 1,000 Me 2 make the use of r-f 
amplifiers at uhf practical, although the disk-seal types pose problems in 
economy for multichannel coverage and the performance of r-f amplifiers 
at uhf is well below that at vhf. 3 

VIII' Tuners. Until the opening of the uhf spectrum for commercial 

telecasting (channels 14 to 87, 470 to 890 Me), the problem of the tuner 

tor vhf (channels 2 to 13) was comparatively simple; even so, the quest 

foe greater sensitivity and consequently better fringe-area reception is 
a coiy inning one. 

On the low-band vhf channels, conventional miniature r-f amplifier 
pentodes such as GAK5 and 0AG5 offer no particular problems, although 
the input-conductance component resulting from transit-time effects 
begins to be important. As the higher channels are reached and the 
input conductance becomes greater, the noise performance becomes such 
that triode r-f amplifiers with their lower noise figure are desirable. Tri¬ 
odes in conventional tuned circuits introduce problems resulting from 
grid-plate capacitance. These problems have been attacked in the pa .t 
in various ways as indicated below: 4 

1. Push-pull twin-triode r-f amplifier followed by twin-mode mixer 
"tth push-pull input and single-ended output in combination with push- 
pull local oscillator. Such arrangements permit balancing out of grid- 
plate capacitance in r-f and mixer stages by cross neutralization. 

2. Grounded-grid r-f amplifier followed by cathode-coupled twin-triode 
mixer with conventional triode oscillator. 

Push-pull circuits as r-f amplifiers are relatively cumbersome where 
multichannel operation is required, and improved tubes which are more 

'U. M. Hose and l). W. Powers, Pencil-type UHF Triodes. /(('.I Vo!, in 

° # PP- 321-338, September, 1514!). 

*c K. Horton, Development of a UHF Grounded-grid Amplifier, /W l HE Vol 
*'• * No - b PP. 73-711, Juiiuary, 1053. 

, Jr J ’ U, " J H JohnHon ' tH 1P Triode Design in Terms of Operating Param- 

, u Ur V ; I : Ctr °; k ‘ S,mc, " K8 ’ />roc ■ l,tK ' Vo, ‘ No - b PP- 51-58, January, 1053 
l/rii, !“?' I,,Ve8t,Kut, on of bltra-Higl.-Frequeney Television Amplifier Tul.es 
,fn > Vol- 15, No. I, pp. 27 15, March, 105-1. 

vi Mif J ;V‘ badio-frequem-y Ferfnr.nnnce of Some Ite.-eiving Tul.es in Tele- 

,r «ui| K , H(\\ I (tv., Vol. 0, No. I, pp. 130-1 IK, March, 1048. 
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stable make possible the use of single tubes in self-neutralized circuits of 
the form shown in Fig. 17-20a. The tuned coupled input circuit provides 
the correct impedance match between antenna and input circuit; how¬ 
ever, the neutralizing adjustment tends to be critical and unstable. The 
grounded-grid circuit, used'in the form shown in Fig. 17-206, while not 
requiring neutralization has several important disadvantages, among 
which are the variation of input impedance with g n and, hence, with 




Input ^ 



Output 


(a) Self-neutralized triode 



(6) Grounded grid r-f stage 
Fig. 17-20. Simple r-f vhf amplifier stages. 


bias, causing a serious mismatch, particularly where age is applied to the 
r-f stage, and the extremely low input impedance, which makes the design 
of a circuit with the required selectivity exceedingly difficult. 

Some of these disadvantages may be overcome with careful design. In 
particular, if a grounded-grid stage is followed by an additional r-f ampli¬ 
fier ahead of the mixer, age may be applied to the added stage, which 
will prevent subsequent stages from overloading while eliminating the 
requirement that age be applied to the grounded-grid stage. Because of 
the low input impedance, the tuned circuit has a low Q, and selectivity 
is poor. This, however, can be made up in the following stage. Further¬ 
more, an impedance step-down ratio is normally required. Such a 
requirement would result in a poorer noise figure than would be obtained 
from a neutralized grounded-cathode stage at frequencies where transit 
time is not important. However, this is not the case where transit-time 
noise predominates. The input admittance is a function of bias both for 
grounded-grid and grounded-cathode operation where transit time is 
appreciable. Hence, there are difficulties in applying age in either case. 
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Most of the forms of input circuits used in the past have largely given 
way to some form of the cascode circuit with attendant signal-to-noise 
ratio advantages (see Sec. 10-8 for analysis of the basic cascode circuit 



(a) Overall neutralization of cascode stage 



(6) Modified stage to eliminate need for neutralization 
Fig. 17-21. Useful r-f forms of the cascode circuit. 


and its properties). The major problem involved in the use of the cas 

code eireuit as an r-f amplifier in a multichannel vhf tuner is to provide 

a means for neutralization of the grid-plate capacitance of the input 

stage which will render the eireuit stable over a wide frequency varia- 
tion. Two satisfactory forms of the 


cascode circuit are shown in Fig. 
17-21.' The form used in Fig. 17-2la 
applies neutralization from the out¬ 
put to input in the manner previously 
shown for a single-triode amplifier. 
This method is relatively independ¬ 
ent of frequency and is not actually 
required on the lower vhf channels. 


1 



l*i«. 17-22. Elements of modified cas 
code stage. 


' I" “ how " “ F 'K ' 7 ' 21 h •-•‘■minatea the need for actual neutraliza¬ 
tion by lowering the impedance loading the plate eireuit of the input stage 

1 Ins action can he explained more fully by referring to Fig 17-22 The 


1 It. M. Cohen, Use of New Low Noise Twin TrinHp ; h t i 

Vol. 12. No. pp. 3-25, March, .951^ Telev.sion Tuners, RCA 

the many problems involved in satisfactory vhf tuner design. * UKS ° H M " omc 
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impedance seen by the plate is 

* = r+Src. +J (“ L - tt%c) (17 - 21) 

For the low impedance looking into the cathode of V2, over a range of 
frequencies and in particular at the frequency at which 

. uR z C 
wL = 1 + «*fl*C* 


the impedance is much lower than the actual RC value. For such a 
condition, very little feedback exists through the grid-plate capacitance 
of Vl. 

The gain of V1 as measured at the plate is lowered; however, this is 
made up for by the resonant rise at the input of V2, given in terms of 
the plate voltage E x as 


E 2 = Ei 


R 


R( 1 - w 2 LC) + juL 


(17-22) 


At the lower frequencies, this entire circuit is ineffective where ordi¬ 
nary neutralization is not needed anyway. Use of a cascode circuit does 
not solve the problem of variable input loading due to variable bias, since 
transit-time loading is a major portion of the input conductance and 
varies directly with g m . Application of age thus poses a problem, but 
one not so difficult as for the grounded-grid amplifier, and some form of 
delayed age is practical. 

A schematic diagram of a complete vhf television broadcast tuner is 
shown in Fig. 17-23, including cascode r-f amplifier, inductively coupled 
to the triode mixer and Colpitts oscillator. The particular set in which 
this tuner is employed has a 45.75-Mc picture-carrier i-f and 41.25 sound- 
carrier i-f. These are produced by the oscillator being tuned 45.75 Me above 
the picture signal carrier. This arrangement is common practice. The 
series traps C107, L103 and C108, L104 as well as the low-pass filter 
Z208 prevent signals in the i- f range from being fed directly through the 
tuner. The cascode r-f amplifier is slightly different from that shown in 
Fig. 17-21 in that added neutralization is obtained by feedback through 
C105. The phase relationships in the circuit are such as to reduce the 
effect of transit-time loading at the higher channels. Neutralization of 
the grid-plate capacitance of the triode mixer is accomplished by LI 10 
such that LllO-Ccp are tuned at the center of the i-f band. Automatic 
gain control may or may not be applied to the r-f stage depending on the 
setting of S203. The i-f output of the mixer is link-coupled from J133 
to the input of the i-f amplifier. 

Another complete vhf tuner is illustrated in Fig. 17-24. Here the 
technique is employed of using a grounded-grid stage followed by a con- 
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Fig. 17-24. Complete vhf tuner with two r-f stages. ( Courtesy of General Electric Co.) 

ventional stage with age applied to the conventional stage. Such a com¬ 
bination can in practice be made to have a noise figure which approaches 
that of the cascode while, at a slightly increased cost, solving the prob¬ 
lem of age in a somewhat more satisfactory fashion. 

Multichannel tuning in a vhf receiver is usually accomplished by vary¬ 
ing the inductive tuning elements. This may be accomplished by use of 
a ganged set of inductors either helically or spirally wound with moving 
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contacts This type of continuously variable system has largely been 
superseded by channel-switching methods, either by a wafer switching 
system or by a turret arrangement by which the proper elements are 
moved into position. The turret tuner is the most common type and is 
used in the tuning unit illustrated in Fig. 17-23, while the snap-switch 
method is used in the tuner illustrated in Fig. 17-24. Fundamentally, 
either system can be made to perform satisfactorily. 

VHF Tuna- Techniques. Input-circuit techniques at uhf differ from 
those at vhf in the matter of performance of tubes and circuits. Many 
tubes which perform satisfactorily at vhf have entirely too much grid 
loading due to transit-time and lead-inductance effects. However, tube 
design is steadily being improved, and it is now possible to build r-f 
amplifiers with such tubes and semilumped circuit techniques for fre¬ 
quencies up to 1,000 Me in grounded-grid circuits. 1 More complicated 
interstage tuned circuits are required in order to achieve the required 
selectivity and noise figure. 2 

An alternative approach to the uhf tuner problem is to eliminate the 
r-f amplifier and its problems entirely, replacing it by a tuned preselector 
in order to obtain the required selectivity, followed by a crystal mixer 
also fed from a conventional local oscillator. The noise figure of a crys¬ 
tal mixer is itself considerably lower than that of the triode mixer; how¬ 
ever, in the absence of r-f gain and because of the conversion loss of the 
mixer the first i-f stage must be one with an extremely low noise figure. 
An example of both types of tuners is shown in Fig. 17-25* in simplified 
form. It might be noted that a form of capacitance tuning is employed 
as possibly posing fewer practical problems for the uhf range. 

Combination VIIF-l’HF Tuners. The future television broadcast 
receiver probably will employ an r-f amplifier, mixer, and oscillator, with 
a standardized 45.75-Mc picture-carrier i-f frequency for both vhf and 
uhf. Such a tuner may or may not cover all 82 channels, but provi¬ 
sion might be made for inserting as many channel strips as necessary 
for all the signals likely to be received in a single locality as the uhf 
spectrum becomes fully developed. Tuning may be capacitive, induc¬ 
tive, or a combination of both, and circuit elements may be the lumped 
or distributed-constant type. 


1 H. W. A. Clialberg, H. F. Performance of a l T IIF Triode, l‘mc. IRK, Yol. 41, No 
1, pp IS M), January. 11)53. A number of problems including those of selectivity, 
tuning, etc., are discussed in this paper. 

* E. II. Roden, Factors Affecting the Design of YIIF-UHF Tuners, Convention 
Record of tin* IRE, 11)53 National Convention, Part 4, Broadcasting and Television, 
pp. 173-177. 

* Wilson P. Bootliroyd and John Waring, The Selection and Amplification of UHF 
Television Signals, Tran*. IRK, Professional Croup on Broadcast and Television 
Receivers, June, 11)53, pp. 5-14. 
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Fig. 17-25. Alternate approaches to uhf tuner problem. (Courtesy of (he IKE.) 


As the transition is made to the full utilization of uhf and until the 
allocations for a particular locality become filled, one form of uhf-vhf 
receiver design consists of a 12-channel tuner designed principally for 
vhf, but for which one or more unused channels on a turret may be used 
for a special uhf channel strip. The crystal-mixer technique which has 
just been described and shown in block diagram form in Fig. 17-26 is 
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particularly applicable. The adaptation to a conventional vhf receiver 
is shown in Fig. 17-27. The regular uhf oscillator feeds a crystal rectifier 
which has a tuned circuit output tuned to a particular oscillator har¬ 
monic. This combination becomes the local frequency generator. The 
harmonic frequency is selected so that the output of the crystal mixer is 



Fio. 17-26. Block diagram of uhf channel adapter for vhf receiver. 



Fio. 17-27. Schematic of uhf channel strip for use in vhf tuner shown in Fig. 17-23 
(Courtexy of Allen B. DuMont fjfihoratorie*.) 


at one of the conventional vhf channels. The low-noise tuned r-f ampli¬ 
fier, tuned to this channel, functions as the low-noise i-f amplifier follow¬ 
ing the crystal mixer, and the whole system functions as a double con¬ 
version superheterodyne. Reference to the schematic of Fig. 17-23 shows 
how the strip may be connected to the vhf tuner to perform the function 
outlined. 

An alternative approach is the straight converter technique in which 
the receiver contains both vhf and uhf tuners, the uhf tuner consisting of 
preselector, mixer, and low-noise i-f amplifier tuned to one of the vhf 
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channels with output fed into the vhf receiver. An example of such a 
tuner is-shown in Fig. 17-28. The tuning induc tances consist of the spi¬ 
ral-wound coils containing moving short-circuiting elements and behave 
as short-circuited quarter-wave lines. Such short-circuiting elements 
can be made to move continuously for continuous tuning over the uhf 
band, with several snap positions for tuning to specific channels. 

17-6. Intermediate-frequency Amplifiers. It is in the i-f amplifier 


that most of the required gain in the 
unwanted sidebands are eliminated by 
the proper bandpass characteristics. 
In the special case of vestigial-side¬ 
band transmission as used in com¬ 
mercial broadcasting, it is in the i-f 
that the required shape of bandpass 
curve as discussed in Chap. 9 is ob¬ 
tained. It is principally to the i-f 
stages that an age voltage is applied, 
although age may also be applied to 
the r-f to prevent overloading of the 
mixer. Usually the signal-to-noise 
ratio at the output of the mixer is 
sufficiently high so that conventional 
pentodes may be employed as i-f am¬ 
plifiers; howe/er, in some cases when 
crystal mixers are used without r-f 
gain at uhf and the conversion gain 
is low, a special low-noise amplifier 
must be used as the first stage. Wide¬ 
band i-f amplifiers may employ any 
of the bandpass filters discussed in 


receiver is obtained and in which 



(a) Idealized i-f bandpass 
characteristic 



(6) Approximate characteristic 

Fio. 17-29. IntL-rracdinto-frcqucncy 
bandpass characteristics. 


Chap. 8, such as stagger-tuned or double-tuned stages, or modifications 
thereof, as interstage coupling elements, with suitable traps for the atten¬ 
uation of specific frequencies. In a TV broadcast receiver either three 
or four stages are employed depending on the quality class. The second 
detector is usually a linear diode detector, either vacuum tube or ger¬ 
manium diode. 


The idealized i-f bandpass characteristic for a commercial broadcast 
receiver is shown in Fig. 17-29a. The reversal of positions of sound and 
picture carrier arises from the almost universal piactiee of tuning the local 
oscillator to a frequency higher than that of the picture carrier, such 
choice being based on a minimizing of spurious image responses and 
maximizing the oscillator tuning range. The dotted curve of Fig. I 7-29« 
would be for a receiver having a separate aural i-f channel, while the 
solid one is based on a common channel for the intercarrier type of rerep- 
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tion as discussed in detail in Chap. 9. The ideal characteristic cannot 
be achieved but can be approximated as shown in Fig. 17-296. High 
attenuation at critical frequencies such as that of the adjacent sound and 
picture channel carrier frequencies arc obtained by means of traps. 

It has become standard practice to employ an i-f channel of 40 to 
46 Me (45.75-Mc picture carrier and 41.25-Mc sound carrier). Such a 
choice is satisfactory for good image rejection at the uhf channels and 
reduction of effect of local oscillator radiation. Such radiation falls out¬ 
side the TV channels. 1 

An example of a complete i-f strip is shown in schematic form in Fig. 
17-30. This particular unit makes use of printed wiring and printed 
component techniques of the photoetched copper-foil process. The 
coupling between the tuner and first stage including L\ and hi is an 
M-derived bandpass filter and is designed to provide high attenuation 
at 39.75 Me for rejection of the adjacent channel picture i-f carrier. The 
connection from tuner to first stage is a low-impedance point, and a line 
several inches in length may be used for coupling. The complex filter cou¬ 
pling between the first and second stage has an essentially flat response, 
provides the notch at 41.25 Me for the aural-frequency carrier, and gives 
maximum attenuation at 47.25 Me for adjacent aural channel rejection. 
The couplings between the second and third stage and between third 
stage and second detector are double-tUned circuits tuned for a center 
frequency of 43.5 Me and slightly overcoupled. The two coils of L s are 
principally traps for the desired attenuation of the aural frequency car¬ 
rier and for maximum attenuation of the adjacent aural carrier. Li is 
principally a trap for the 39.75-Mc signal. Provision is made as indi¬ 
cated for applying age voltage to the first and second stage. 

The detector is a germanium diode, and its demodulated output con¬ 
tains both video- and aural-frequency components. 

Another i-f amplifier is shown in Fig. 17-31. The first stage is link- 
coupled to the mixer output with 38.0- and 47.25-Me traps in this band¬ 
pass circuit. The second, third, and fourth stages are double-tuned cir¬ 
cuits. The output of the fourth stage is single-tuned with a 41.25-Mo 
trap inductively coupled to it. 

17-7. Detectors, Video Amplifiers, and Audio Systems. The peak of 
the signal envelope at the output of the final i-f stage has an amplitude 
on the order of 2 to 5 volts. The detector consists of a rectifier-filter 
combination which will follow the envelope variations. It may be a 
diode of the series or shunt type and can be polarized to rectify either 
the positive or the negative peaks, depending upon how many video 
stages are required and how the video signal is applied to the picture 


i John D. Reid, The Influence of UHF Allocations on Receiver Design, Free. IRE, 
Vol. 37, No. 10. pp. 1179-1181. October, 1949. 
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He. 17-30. Complete i-f strip which uses printed circui* techniques. (CWfesy of RCA.) 
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JlG. 17-31. High-gain i-f amplifier. (Courtesy of GeneraI Electric Co.) 
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tube. The one shown in conjunction with the i-f amplifier of Fig. 10-30 
was of the series type. 

Video amplifier design was discussed at length in Chap. G, the receiver 
video amplifier being a very simple application of wide-hand amplifier 
techniques. The output of the second detector, which is on the order 
of 1 or 2 volts, must be amplified and applied to the picture tube at a 
level of 50 to 70 volts. The bandpass should be wide enough to include 
all essential video components and ideally, in the standard system, should 
be approximately flat to about 4 Me. In the intercarrier system, there 
must be employed in the video section a 4.5-Mc rejection filter to remove 
the audio carrier and its sidebands from the video signal. 

Three take-off points are normally provided in the video channel, one 
for use in the synchronizing system, one for the age system, and one for 
the sound channel. The signal level at which these points are chosen 
varies widely with different receiver designs. Logically, on a quality 
basis, the sound take-off should be at a relatively low level; otherwise 
nonlinearity in the higher levels in the video system causes cross talk 
between sound and picture components. 

An example of a particular detector and video and audio amplifier 
combination is shown in Fig. 17-32. Here a shunt detector and low-pass 
filter combination is applied to a two-stage series-shunt peaked amplifier 
with the output applied to the grid of the picture tube. A 4.5-Mc trap 
consisting of LI GO, Cl 71 appears in the grid circuit of V108A to remove 
the audio signal components from the picture channel. The sound sig¬ 
nal and synchronizing signal source are taken from the output of the sec¬ 
ond detector, while the age source voltage is derived from the plate of 
the first video amplifier. The sound portion of the system consists of 
the 4.5-Mc sound i-f stage VI11, the limiter stage VI12, the ratio detec¬ 
tor V113A, and the audio amplifier system V113B and VI14. 

17-8. Picture Synchronization and Sweep Circuits. The evolution of 
a standard system for transmitting both picture and synchronization was 
discussed in Chap. 12, and possible methods for utilizing the synchroniz¬ 
ing information were discussed briefly. General forms of circuitry for 
performing some of the desired functions were discussed in Chap. 13, 
while actual sweep circuits were analyzed in Chap. 11. The basic prob¬ 
lem in timing of receiver sweep circuits is that of obtaining synchroniza¬ 
tion in the presence of noise which may exceed synchronizing signal peaks 
by a considerable amount. 

The elements of a receiver sweep synchronization system consist of 
a video and synchronizing signal separator and separate horizontal and 
vertical control circuits. 

Vidco-synchronizing-jnthe-seyarator Techniques. The video synchro¬ 
nizing pulse separator utilizes the composite picture signal and removes, by 
limiting and clipping action, all video components and all noise compo- 
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nents above synchronizing pulse peak level as shown in Fig. 17-33. Some 
difficulty is involved in making limiters work properly in the presence of 
large noise bursts in excess of synchronizing peak amplitude (for example, 
with d-c restorer or grid-current limiting, the limiting level will tend to 
change if prolonged noise bursts are present in the signal). Likewise, it 
is difficult to establish a fixed clipping level in the presence of changes in 
picture content (if a-c-coupled circuits are involved or if large differences 
in video carrier level are encountered). In order to establish a fixed sig- 
nal’level, it is necessary to rely on an effective age system (which effec¬ 
tively measures the peak carrier level at the output of the detector and 
changes the bias on r-f and i-f stages to vary their gain in such a way as 
to maintain the level constant). Assuming that constant level is main¬ 
tained and that d-c coupling is used in synchronizing pulse amplifier cir¬ 
cuits, clipping can be accomplished as shown in Fig. 17-34a. Clipping 
level a is established by cutoff of VI, clipping level 6 by cutoff of V2a, 
and further clipping of level a by cutoff of V2b of the cathode-coupled 
stage. The direct-coupled amplifier may be a separate video amplifier. 
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or it may he part of the picture amplifier provided direct coupling is 
used. An output signal of opposite polarity may be obtained by replac¬ 
ing the cathode-coupled stage by a conventional stage driving a cathode 
follower. In either case, the exact output waveform depends upon the 
time constant RiCi in the cathode circuit of VI. If it is long, it only 
serves to set the bias level of VI. However, if the waveform is to be 
used with certain types of horizontal frequency-control circuits, it may 
be desirable to delete the wide vertical synchronizing pulses. This can 
be done by making R\C\ long compared with a horizontal pulse, but short 
compared with the total horizontal period. Although clipping levels are 
constant in this scheme, noise bursts are still present in the clipped syn¬ 
chronizing signal and can still affect horizontal synchronization where 
methods which depend upon the total area in the waveform are employed. 

A slightly different approach to the clipping-level problem involves the 
use of a noise-cancellation scheme which completely removes noise bursts 
of greater than synchronizing pulse amplitude as shown in Fig. 17-316. 
The low-level picture signal from the detector with synchronizing pulses 
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negative is amplified and inverted by the capacitance-coupled stage VI 
and applied to the limiter and clipper V2, the output of which consists 



(a) Video signal with noise 



16) Video and large noise peaks 
removed by limiting and clipping 

Fig. 17-33. Action of ideal limiters and 
clippers. 


of negative composite synchronizing 
pulses only. In normal operation 
in the absence of noise, V3 is held non¬ 
conducting by the positive voltage at 
the cathode of V3. However, when 
a prolonged noise burst of greater 
than synchronizing amplitude occurs, 
V3 conducts heavily and its plate 
resistance appears as a low impedance 
shunted across the plate-load resis¬ 
tor of VI and returned to a lower 
potential. The effect is suddenly to 


drop the potential at point A and hence the grid of V2 to beyond cutoff, 


thus removing any signal from the output of V2 for the duration of the 



(a) Clipping and limiting method 



(6) Sync separation with noise cancellation scheme 
Fig. 17-34. Practical methods of synchronizing signal video dimiing and limiting. 
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noise pulse. The time constant R 2 C 2 is relatively long, and point B fol¬ 
lows closely the a-c component of the signal amplitude, while R 3 C 3 is 
relatively short and normal grid bias is established mainly through the 
charging of C 3 . This short time constant allows rapid recovery of the 
grid bias to its normal value after a noise burst. 

Neither scheme shown in Fig. 17-34a or b gives an ideal synchronizing 
pulse output. The output signal from the circuit of ( a ) does not remove 
noise bursts but merely reduces them in amplitude to synchronizing le. el 
amplitude; however, all synchronizing pulses are retained. The circuit 
of ( b ) completely removes noise bursts of greater than synchronizing 
pulse amplitude; however, if such noise bursts are coincident with syn¬ 
chronizing pulses, the synchronizing pulses are also removed. Either 


situation can affect horizontal synchronization; however, under severe 
noise conditions, the effect is less serious in the case of (b) since the total 
time of high-level noise bursts can represent a very high percentage of 
line-scanning period. Adding such a prolonged signal to the synchroniz¬ 
ing waveform is more serious than removing a synchronizing pulse, which 
is a relatively small percentage of the line-scanning interval. 

Horizontal Synchronization and Sweep Circuits. Horizontal-sweep 


amplifiers are basically the high-efficiency class C 
Chap. 11, usually with diode damper, plate-supply 


type analyzed in 
boost, with cath¬ 


ode-ray-tube accelerating voltage derived from the sweep-voltage pulse. 
In principle, the horizontal-sweep discharge tube may be synchronized 
directly from the leading edges at all horizontal line springs in the sep¬ 
arated composite synchronizing signal. In practice, however, the noise 


immunity of such methods is unsatisfactory to the extent that horizontal 


synchronization is impaired long before picture content is masked by 
noise. For this reason, it is universal receiver practice in some way to 


make the rate of sweep generators controllable from the average rate of 
synchronizing pulses rather than from individual pulses, thus obtaining, 
in effect, an integration of pulses. The effective time constants of the 


circuit must be such that any variations in horizontal frequency may be 
followed (such changes occurring, for example, when the synchronizing 
generator at the transmitter is locked to its own power frequency) but 
that the response to random noise pulses is minimized. Systems fo. per¬ 
forming this function are referred to as automatic frequency control (afe) 
xyxtemx and have been discussed in principle in Chap. 13. and an evalua¬ 
tion made of the form of control network for best hold-in and pull-in 
range. Basie circuit elements in a control system were also discussed. 
It is desirable, however, to discuss briefly the elements of a control sys¬ 
tem as applied specifically to a receiver. Most receiver horizontal afe 
circuits fit in the general form shown in Fig. 17-35. In any case the 
timing of a waveform derived at horizontal oscillator frequency is com¬ 
pared with the timing of the synchronizing pulses obtained from the 
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video-synchronizing-pulse-separator circuits. An integrated voltage is 
developed at the output of the control network which depends upon the 
difference in timing and is used to change the rate of the horizontal oscil¬ 
lator to minimize the difference in timing. Several variations are pos¬ 
sible, and it is convenient to separate them into two basic types: (1) those 
employing a relaxation-type horizontal oscillator and (2) those employ¬ 
ing a sinusoidal horizontal oscillator. Of the first type there are two 
general forms: (a) the saw-tooth reference type or direct-phase compari¬ 
son type and (6) the pulse-width modulation type. In the first type, a 
reference saw-tooth voltage is obtained either directly from the output 



Fiq. 17-35. General form of horizontal afc circuit. 


of the horizontal keying tube or from an integration of the horizontal 
sweep voltage. The action of the phase detector and control network in 
controlling the frequency of the horizontal oscillator and the variations 
which may be employed were discussed in Chap. 13. Type (6) operates 
in such a way that the peak of a saw-tooth voltage and the synchronizing 
pulses are near time coincidence, and the effective width of the top por¬ 
tion of the two when added together depends upon the relative phasing 
as shown in Fig. 17-36a. If this waveform is applied to a control tube 
biased to cutoff having the control network in its cathode circuit, the 
output control voltage used to control the grid of the horizontal-dis¬ 
charge tube varies with the width of the applied pulse and, hence, with 
the relative timing. In practice, the waveform applied is slightly dif¬ 
ferent and consists of three components as shown in Fig. 17-366: (1) the 
input synchronizing pulses, (2) negative pulses from the output of the 
horizontal-sweep circuit, partially integrated, and (3) the saw-tooth wave¬ 
form partially integrated. The pulses from the horizontal output circuit 
allow a faster cutoff at the end of the period when it is desired that the 
pulses end and partial integration of the saw tooth allows a steeper slope 
before the beginning and improves the control and noise immunity. The 
resultant waveform is as shown in Fig. 17-36c for various relative posi- 
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tions. It is this composite waveform which is applied to the grid of the 
control tube, having the control time constants in its cathode circuit. 
This voltage is applied as the control voltage to the grid of a blocking 



(a) Addition of sync and sawtooth waveforms 
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(1) Input sync 
pulses 


(2) Integrated 
horizontal 
sweep waveform 


(3) Integrated 
sweep sawtooth 
waveform 


(6) Component waveforms in actual system 


wi wi m 

(c) Complete waveform for various pulse positions 
Fig. 17-36. WavcformB in pulse-width modulation afc system. 

oscillator. This system is perhaps the simplest type from the stand¬ 
point of number of components used and variations of it are widely 
employed in receiver practice. 

Of the second type of control systems, i.e., those employing sinusoidal 
oscillators, there are at least two variations which are quite applicable to 
receivers, the first of which employs a reactance tube to control the fre¬ 
quency of a sinusoidal oscillator, the control-grid voltage for the react¬ 
ance tube being obtained from a phase comparison of the input synchro¬ 
nizing pulses and the sine-wave oscillator voltage. The use of reactance 
tubes in such control circuits was discussed in Chap. 13. The second 
version of a sine-wave type combines the use of a reactanee-tube-eon- 
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trolled sinusoidal oscillator with the saw-tooth reference system which 
obtains the reference directly from the sweep output. A simplified sche¬ 
matic is shown in Fig. 17-37. A reference saw tooth obtained from inte¬ 
gration of the horizontal-sweep output voltage is compared in phase witn 
the input synchronizing pulses in the discriminator V!, the output of 
which is applied to the control network, the output of which in turn is 
applied to the grid of the reactance tube V2, which in turn controls the 
frequency and phase of the class C Hartley oscillator V3. The narrow 
conduction angle in the class C operation of V3 also allows it to function 
as the horizontal-discharge tube, with the sweep-driving waveform being 
generated in its plate circuit. 

Vertical Synchronization and Sweep Circuits. The vertical-sweep gen¬ 
erator and amplifier usually assumes one of the forms discussed in 

Chap. 8 or some modification thereof. 

It is possible to devise an automatic synchronizing method similar to 
that used for horizontal synchronization if it were necessary. However, 
vertical synchronizing pulses can be obtained directly from the separated 
synchronizing waveform from a simple integrator circuit. If this cir¬ 
cuit is properly designed, the noise immunity is satisfactory as large noise 
bursts are satisfactorily limited in the synchronizing separator circuits.- 
The vertical-discharge tube is some form of relaxation oscillator, usually 
a blocking oscillator or multivibrator. 

Complete Synchronization and Sweep-circuit System. An example of a 
complete picture synchronization system is shown in Fig. 17-38. The 
complete video picture signal is taken from the output of the second 
detector and applied to the synchronizing-signal-amplifier noise-cancella¬ 
tion system described in connection with Fig. 17-34. The resulting sep¬ 
arated synchronizing waveform is applied to a horizontal afc system of the 
reactance-tube-control type consisting of phase detector, reactance tube, 
and sinusoidal class C oscillator with separate discharge tube. The 
horizontal sweep circuit is of the high-efficiency autotransformer-coupled 
type, with plate-supply boost from the diode damper rectification. 

The vertical-sweep circuit uses a multivibrator-type combination oscil¬ 
lator and discharge tube synchronized from integrated vertical pulses. 
The vertical amplifier is autotransformer-coupled to the vertical deflec¬ 
tion yoke. Linearity is improved by feedback of the partially inte¬ 
grated voltage appearing at the plate of the output tube. The horizontal 
blanking tube is an amplifier which couples horizontal pulses to the anode 
of the picture tube to ensure blanking out of horizontal retrace lines. 

17-9. Automatic-gain-control (AGC) Methods. Reference was made 
in Secs. 17-5, 17-6, and 17-8 to the insertion of age voltage as an applica¬ 
tion of variable bias to r-f and i-f stages. It was pointed out that it is 
extremely important that the output from the second detector be kept 
at an essentially constant level over very widely varying field intensities 
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Fig. 17-38. Complete picture synchronization 

at the receiver input This requirement arises from the necessity both 
of maintaining adequate synchronization without adjustments and of the 
prevention of appreciable changes of brightness and contrast as a receiver 
is tuned from one channel to another. 

The problem is somewhat more difficult in the video receiver than it 
is for an amplitude-modulated sound carrier, where the age voltage is 
obtained from a measurement of the average carrier level by means of an 
average detector. 1 In the case of the video receiver, the measurement 
must be of the peak carrier level, which is to be held constant. A block 
diagram of the function is shown in Fig. 17-39a. In the conventional 
broadcast system, the tops of the synchronizing signal peaks represen’ 
maximum carrier level, and a peak detector rectifying to a level corre- 

i \ detailed discussion of probli ms involved in obtaining suitable age for television 
receivers is given by K. It. Wendt and A. C. Schroeder, Automatic Gain Controls for 
Television Receivers, RCA Rev.. September, 1948. 
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TO CUT TO CRT TO CRT 

CATHODE lit ANODE ANOOC NO 2 



Bystem. (Courtesy of General Electric Co.) 

sponding to these peaks performs in principle the required function. A 
simple age system is shown in Fig. 17-396. In practice, however, there 
are serious problems involved in meeting two mutually contradictory 
requirements, namely, that the response be rapid in order to follow the 
most rapid variations possible in peak carrier level and that the system 
be immune to random noise pulses which may extend above the desired 
peak level. The normal peak detector effectively has two time con¬ 
stants, the charging time constant, which is represented by the capaci¬ 
tance C charging through the diode resistance R d , and the holding time 
constant, which is represented by C discharging througli R. In the sit¬ 
uation shown, the fastest response is in the direction of increasing syn¬ 
chronizing signal level; hence, the output, will be affected most by noise 
which is usually in the direction of increasing carrier level; at the same 
time the circuit would be slow to recover from a noise impulse. It should 
be noted that the situation is very similar to d-c restorer action analyzed 
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in Chap. 10. The situation is further complicated by the fact that the 
actual percentage time that a peak detector has to work is different dur¬ 
ing the active interval from what it is during the time of the vertical 
retrace, i.e., the normal horizontal synchronizing pulses are much nar¬ 
rower than the individual vertical synchronizing pulses. If the time 
constant of a peak detector is fast enough for the charging capacitor to 
charge fully during a horizontal synchronizing period, it will also respond 
in a .greater degree to sharp noise pulses. If it is not that fast, it will 
charge more fully during the wider vertical synchronizing pulse periods 



AGC bias to.r-f 
and i-f stages 


(a) Block diagram 




Control voltage 
to r-f and 
i-f stages 


(6) Simple circuit 

Fio. 17-39. Simple concept of age function. 


and ttie age voltage thus developed will further reduce the gain during 
this period, possibly reducing it to such an extent that the vertical syn¬ 
chronizing circuits will not operate properly. 

A peak detector of the “fast” type will have improved noise immunity 
if it is allowed to operate only during the interval of the horizontal blank¬ 
ing or synchronizing pulse peaks; then noise pulses occurring during the 
active picture time cannot affect the peak detector. 

Such a gated age system is shown in the block diagram of Fig. 17-40, 
and a practical embodiment of it is shown in the schematic diagram of 
Fig. 17-41. In this case, video from a first video amplifier stage with 
black level in the positive-going direction is applied to the grid of a gating 
tube. Keying pulses derived from the output transformer of the hori¬ 
zontal sweep circuit are applied to the cathode, allowing the gating tube 
to operate only during horizontal blanking intervals. The rectified age 
voltage appears across the shunt diode. 

A slightly more elaborate system operates in such a way that the fast 
portion of the response is in the direction of decreasing rather than 
increasing carrier level. This may be done by making the rectified polar¬ 
ity such that decreasing pulse amplitudes cause the diode to conduct 
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heavily, while it responds to increasing amplitudes only according to the 
output-circuit time constants. The actual circuitry for performing the 
functions can assume a variety of forms, and one suggested arrangement 
is shown in Fig. 17-42. The rectified video signal, after being amplified 



Fio. 17-40. Block diagram of gated age system. 


H pulses from tap 
on horizontal output 
transformer primary 



To age 
rectifier 


Fig. 17-41. Simple gated age circuit. 


to picture-tube level is applied to the suppressor of a gating tube, whose 
main grid is gated between cutoff and zero bias by a gating pulse occur¬ 
ring just after the end of each horizontal sweep. Thus, the synchronizing 
level peaks only are amplified by the gating tube and are inverted in 
polarity as shown. Furthermore, the amplitudes are inverted in the 
sense that if the amplitude tends to increase at the grid, it decreases at 
the plate. Thus, a series rectifier polarized as shown responds quickly 
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to a decreasing level at the grid of the gating tube, since the rectifier 
then conducts heavily, and more slowly to an increasing amplitude, where 
the RC recovery time constant is then involved. The response is thus 
slow in response to noise peaks, at the same time being capable of respond¬ 
ing to fast variations in carrier level. 

Circuits of the general form of Fig. 17-42 are capable of two slightly, 
different modes of operation. If the keying pulse is wide (as it usually 
would be if it were obtained from the retrace pulse of the horizontal 
deflection amplifier), it extends beyond the horizontal synchronizing pulse 


+150 



duration, in which case the level set corresponds to blanking level. In 
this case, some trouble is encountered during the vert’cal synchronizing 
pulse level because of the much wider pulses, which represent an increase 
in level during pulse time corresponding to a sudden increase in carrier 
level. For this mode of operation, the recovery RC time constant must 
be long enough so as not appreciably to affect the derived age voltage 
during the period of the serrated vertical pulses. The other mode of 
operation, which can be made to yield a much faster response, uses nar¬ 
row pulses which must occur wholly within the duration of the synchro¬ 
nizing pulses. Such a pulse can be derived from the horizontal-discharge 
tube. The latter arrangement is preferable where it is desired to com¬ 
bine high noise immunity with the maximum possible speed of response. 

Such elaborate methods are not usually essential, and one of the simple 
forms of age circuit is ordinarily employed. 

17-10. Review of NTSC Color Signal. The complete color signal as, 
derived in Chap. 12 is defined by the equation 

Em = E'r + E' q sin («.* + 33°) + E', cos (a ,.t -f 33°) (12-11) 
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where 

E' y = 0.30£' r + 0.59 E'„ 4 0.11 E’ B (12-8) 

E ' 0 = 0.41(^; - E' r ) -f 0.48(E; - E'y) (12-12) 

E\ = 0.27 (E' b - E'y) 4 0.74 (E' R - E' y ) (12-13) 

The frequency of the color subcarrier is 3.579545 Me. 

From the above relations, E' Q and E\ may also be expressed as 

E' q = -2.20 (E' a - E'y) - 0.64 {E' m - E' y ) (17-23) 

E\ = \AA(E' a - E'y) -r 1.47(^ - E' r ) (17-24) 


The above equations hold for the video signal before sideband limiting 
at the transmitter. However, after transmission with upper sideband 
elimination and subsequent demodulation, they hold up to frequencies 
of approximately ±500 ke away from the subcarrier frequency 
Within this narrow-band region, Eq. (12-1) reverts to the form 

Em = E' y 4 0.493(Efl — E' y ) sin a >.t 4 0.87< (E' H — E' r ) cos a>,/ (12-14) 

Beyond the narrow-band region, the E' Q signal vanishes, and only the 
lower sidebands of the E\ signal modulation are present. 

17-11. Color-signal Decoding and Reproduction. If color reproduc¬ 
tion of the NTSC signal is desired, an additional receiver function is 
required, that of separating the luminance and the individual red, blue, 
and green components of the signal, and applying them separately and 
in the correct proportions to the three-color reproducing device. The 
general technique of such separation in band-shared systems was out¬ 
lined in Chap. 2 and can be applied to the basic NTSC color signal as 
evolved in Chap. 12. Circuit techniques and their analysis, discussed 
in Chap. 10 and Chap. 13, form the basis for the color-decoding opera¬ 
tions. The receiver signal circuits remain essentially unchanged up 
to and including the second detector, except that the bandpass circuits 
in the r-f and i-f stages must satisfactorily handle video components up 
to 4.2 Me. 

If only narrow-band (500-kc) color reproduction is tolerable, the sig¬ 
nal as represented by Eq. (12-14) can be decoded (with the additional 
wide-hand information in the E', component ignored). The color infor¬ 
mation from this signal can be derived by a decoder of the general form 
shown in Fig. 2-36, with gain adjustments in the various channels to 
make up for the different percentages of the two separate color differ¬ 
ences, and the bandwidth chosen to ignore the extended lower sideband 
region of the E\ component. 

However, if maximum advantage is to be taken of the information in 
the color signal, the complete color signal as represented by Eq. (12-11) 
must be considered. 
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Assuming that a subcarrier reference frequency can be derived from 
the reference burst and shifted in phase to obtain components 

sin (c oj + 33°) 
cos M + 33°) 

the E' q and E\ components can be extracted in the manner shown in 
Fig. 17-43. 



Fio. 17-43. Block diagram of E\ and Eq signal decoder. 


The components actually present at the two filter outputs are tabulated 
in Table 17-1, together with their relative magnitudes. It is seen that 
the output of the Q-channel filter consists of the desired E' Q component 
in addition to spurious E' r components, which, however, tend to cancel 
on alternate frames, while the /-channel filter yields the desired E\ com¬ 
ponent in the narrow-band region (up to 500 kc) and the h-f components 
of the E\ signal at half amplitude because of the single-sideband char¬ 
acter. This component cannot cause contamination of the Q-channel 
signal because of the narrow-band nature of the Q-channel filter. 


TABLE 17-1 

SIGNAL COMPONENTS PRESENT IN OUTPUT OF E\ AND 

Eq demodulators 


Picture 

frame 

No. 

K 

(0-1.6-Me filter) 
cos (<*>«/ 4- 33°) modulation 

#9 

(0-0.5-Me filter) 
sin (uj + 33°) modulation 

1 and 2 

E\ (frequencies to 500 kc) 

Mf ' 

Eq (frequencies to 500 kc) 

1 and 2 

(50Q kc-1.5 Me) 


1 

Ey B cos (u,l + 33°) 1 h-f compo- 

E'r B 9in (u >,l 4- 33°) 1 h-f compo- 

3 

— Ey B cos (a),l 4- 33 °)J nentsof E\- 

Ey n sin (<•>«* 4- 33°) f nentsof E' r 
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The narrow-band color-difference signals E' B — E’ Yl , E' r — E' ro &_id 

E' 0 — E' Yl can be extracted from the E' Q and E\ components and combined 

with the wide-band E Y signal to yield the complete three color signals as 
shown in Fig. 17-44. . Narrow-band difference signals 

E' B - E Yl 
E' r - E' Yl 
E' o - E' Yl 

appear at the outputs of the mixers. These components are added to 
the wide-band monochrome signal to yield the three independent color 



Fin. IV—14. Block diagram of method of obtaining separate color signals from K\ and 
Eq components. 

signals of red -f mixed highs, blue -f mixed highs, and green + mixed 
highs to be applied to the color reproducer. The extraneous signals of 

± E' q sin (u.t + 33°) 

± E\ cos (w.f + 33°) 

from the monochrome channel have opposite signs on alternate fields and 
tend to cancel visually. In the wide-band color region of 500 kc to 1.5 Me 
nothing is fed through from the Q channel, and the input to each adder 
consists of an h u E Y and E R E y mixture which when combined 
with the wide-band luminance signal yields at each output a color com¬ 
bination which reproduces color in the region originally chosen for wide¬ 
band color information. The signals effective in the output of the adders 
are tabulated in Table 17-2. The signals at the output of the adders 
are suitable for direct application to the separate electron guns of a three- 
gun tricolor cathode-ray tube as described in Chap. 5. If desired, (ho 
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TABLE 17-2 

COLOR SIGNALS FROM ADDER OUTPUTS TO BE APPLIED TO 

COLOR REPRODUCER 


Blue channel 

Red channel 

Green < hanncl 

E' b (0-500 kc) 

0.2- 0.03 E* + 0.74 E' 0 
(500 kc-1.5 Me) 

Ey n (mixed highs, 1.5-4.2 

Me) 

E' r (0-500 kc) 

0.12 E' r - 0.73 E' b - 
(500 kc-1.5 Me) 
Ey u (mixed highs, 

Me) 

O.lGEc 

1.5-4.2 

E’o (0-500 kc) 

1.02E; +0.22E^ +0.15E; 
(500 kc-1.5 Me) 

Ey n (mixed highs, 1.5-4.2 

Me) 


adders might consist of the grids and cathodes of such guns, with the 
color-difference signals applied to either the grids or the cathode and the 
monochrome signal to the other set of elements. If a single-gun ver¬ 
sion of a tricolor tube as discussed in Chap. 5 is used, additional circuits 
are required to switch the colors at the output of the adders at a dot- 
sequential rate, together with additional beam-deflection circuits to 

i 



i 

i 


1 I I 

-1— 1 1 -— Gating signal 

i 

i 

i 

i 

i 

- 1 —WW\A/-Gated burst 

( b) Burst signal removed from video waveform 


— 1 vwwv— —* 

High Q 
Crystal 

> 

Limiter 

Burst in 

filter 




3.58 Me 
out 


(c) Subcarrier frequency obtained by high Q filter 


-MA/VWV- 

Burst in 



id) Afc system for subcarrier synchronization 
Fig. 17-45. Elements of color-subcarrier synchronization. 
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provide precise alignment of the beam to the individual color ele¬ 
ments. This method is applicable, for example, to the line-screen type 
of reproducer. 

17-12. Color-subcarrier Synchronization. The color-decoding process 
just discussed has assumed the existence of a reference frequency equal 
in frequency and phase to the original color-subcarrier frequency. This 
reference frequency is derived from the reference burst of the color sub- 
carrier, transmitted at the end of each horizontal synchronizing pulse as 
shown in Fig. 17-45a. It is first necessary to remove the burst from the 
video signal. This can be done by means of a gate having a fixed phase 
relationship to the timing of the synchronizing pulse as shown in 
Fig. 17-456. 

Several methods are available for deriving the required subcarrier 
information.' The gated-burst output has frequency components of the 
.subcarrier-frequency itself and sidebands which are a function of the 
gating period. The subcarrier frequency can be separated out with a 
highly selective filter circuit. This high-Q requirement can be met by 
the crystal filter, as indicated in Fig. 17-45c. Another method makes use 
of the ufc circuit of variations of the types used for horizontal synchroni¬ 
zation, shown in Fig. 17-45e/, and described in detail in Chap. 13. 


1 \V. J. Onion, The Practical Aspects of 
’robloin IIIE Transactions on Hroadcust and 
>p. 44-51, January, 1955. 


the Color Su'ocarrier Synchronization 
Television Receivers, I‘G-BTK-1. No. I, 



PROBLEMS 


CHAPTER 2 

2-1. By methods of graphical integration and use of the proper transfor¬ 
mations, locate the colors of Fig. 2-6 on the chromaticity diagram. 

2-2. Consider a television system having 1,000 active lines and 4:3 aspect 
ratio. What would be the average number of dots equally spaced, both hori¬ 
zontally and vertically, in a rectangular array that one would expect to resolve 
with this system at full contrast? If the picture has a 20-in. diagonal, what is 
the maximum viewing distance at which the dots can be resolved by the eye at 
a contrast ratio of 0.3 at peak luminances of 10 ft-lamberts and also 0.1 ft- 
lambert? Make an estimate of the required frame rate for both an interlaced 

and a noninterlaced system. 

2-3. Verify the coordinates of standard source C on the chiomaticity diagram. 

2-4! For an available video bandwidth of 10 Me, devise an interlaced scanning 
system having equal horizontal and vertical resolutions. Use an aspect ratio 
of 4:3 and a viewing distance of five times the picture height. Choose vertical 
and horizontal retrace times of 10 per cent of the total vertical and horizontal 
periods, and specify an exact number of lines for odd-line interlacing. Establish. 

the design on a large-area critical flicker frequency of 50 cps. 

2-5. A scanning-spot distribution in a picture tube has a circular cross section. 
Specify an energy distribution and width (relative to line spacing) in order to 
minimize the visibility of line structure. Suppose this same shape apertme in 
a pickup tube is used to scan across two adjacent sharp points of detail in the 
horizontal direction. Sketch the output waveform if the two points are to be 
fully resolved Derive a relationship between spot size and scanning speed in 
terms of the spacing of adjacent picture elements in order that full contrast be 


preserved. .. . , . . . 

2-6 Prove that in a system in which the line and frame rates are integrally 

related, an odd multiple of half the line frequency is also an odd multiple of half 

the frame frequency if the number of lines is odd, but an even multiple if the 


number of lines is even. . . , t t 

2-7. In an odd-line system, prove that an odd multiple of half the frame fro- 

queney is not necessarily an odd multiple of half the line frequency. Show, 

however, that, in a dot system, samples of each line lor alternate frames will stdl 

interlace. Indicate, by sketching several possible dot arrays in such a system 

(assuming odd-line interlacing), why the performance may be infer,or, from the 

standpoint of crawl and flicker, to that of the system which makes the sampling 

frequency an odd multiple of half the line frequency. Also discuss the above 

point from the standpoint of interference of video frequency components in the 

baud-limited system. . 

2-8. Discuss the full meaning of the phrase “ coastsnt-luminance system and 


why it is desirable to attain such a system. 
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CHAPTER 3 

3-1. For accelerating voltages of up to 100 kv, plot the percentage error as a 
function of accelerating voltage in the calculation of the final velocity of an elec¬ 
tron accelerated to the particular potential which results when relativistic vari¬ 
ation of mass with velocity is not taken into account. 

3-2. A stream of electrons passes through a long axial magnetic field on the 
way to a target as shown in Fig. 3-7. Assume that all electrons when entering 
the field have acquired an axial component of velocity corresponding to an acceler¬ 
ating potential of 1,000 volts and that the screen is at the same potential. What 
is the magnetic-flux density required to focus the electron beam at the screen if 
two complete loops of a helix are to be made and if the length of the path is 
10 in.? 

3-3. What would be the minimum inside diameter of the focus coil of Prob. 3-2 
if the maximum angle between the axis and the initial-velocity component of any 
electron is 20°? 

3-4. A focusing system is placed as shown in Fig. 3-9, midway between a source 
of electrons and the screen. The distance from the source to the screen is 15 cm, 
and the length of the focus field is 5 cm. The accelerating potential is 10 kv. 
What is the minimum value of magnetic-flux density which will focus all such 
electrons at the screen? 

3-6. An electrostatic deflection system is shown in Fig. 3-12. The distance L 
is 20 cm, and the maximum required deflection 1) is 5 cm. The total length l of 
the deflection plates is 3 cm. The ratio of maximum deflection potential to 
accelerating potential is 0.1. What is the minimum possible spacing between 
the deflection plates? 

3-6. For a magnetic-deflection system such os the one shown in Fig. 3-13 hav¬ 
ing a uniform magnetic field with /, = 2 in. and L = 12 in., plot the total deflec¬ 
tion D as a function of \/H up to a maximum value of 6 = 30°. If the accelerating 
potential is 10 kv, what is the required value of magnetic-flux density for a 30° 
deflection? Repeat if the screen is curved rather than plane, with a radius of 
curvature of 30 in. 

3-7. tor the deflection system of Fig. 3-16, the length l of the deflection plates 
is 5 cm, the distance between them is 1 cm, and the maximum desired deflection 
D i» 2 cm. The accelerating potential is 1,000 volts. Find a set of values for B, 
A,*, and n such that the maximum value of // as determined by the spacing of the 
plates will not be exceeded and such that the minimum possible value for E.i can 
be used. How many complete loops of the cycloid are traversed? Plot y as a 
function of E d for values between zero and E Jmax as determined above. 

3-8. Would it be feasible to use the deflection method of Fig. 3-16 in a rec¬ 
tangular scan system for both horizontal and vertical components of deflection? 
If not, why? 

3 -9. Deflection in a system is obtained by a combination of two magnetic fields 
as shown in Fig. 3-18. The transverse component of magnetic field acts through 
a distance l of 3 in. The required deflection 1) is 0.5 in., and two complete revolu¬ 
tions of the helix are to be traversed. The accelerating potential is 1,500 volts. 
Find the value of B\ and B« required. With B x maintained at the above value, 
plot deflection D as a function of B«. 
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CHAPTER 4 


4-1. Several important dimensions of an image orthieon are approximately as 
follows: distance from end of electron gun to target, 8.3 in.; distance from photo¬ 
cathode to target, 1.7 in.; useful size of rectangular image with 4:3 aspect ratio, 
1.6-in. diagonal focusing-coil length, 10 in.; deflection-coil length, 5 in.; a'ign- 
ment-coil length, 0.92 in. Some of the recommended operating conditions are 
approximately: grid 2 voltage, +300; grid 4 voltage, 160 to 240; grid 5 voltage, 
0 to 100; photocathode voltage, —300 to —500; accelerator voltage, 80 per cent 
of photocathode voltage; magnetic-flux density at center of focus coil, 75 gauss. 

Calculate the approximate value of the transverse magnetic field for maximum 
horizontal deflection under the simplifying assumption that the electric field due 
to the grid 4 voltage is uniform through the region of the deflection coil. Under 
such conditions, calculate an exact value of grid 4 voltage under which the beam 
will focus properly. Assuming constant acceleration from photocathode to 
target, find a value of photocathode voltage which will properly focus the image 
on the target. 

4-2. Derive Eq. (4-14) for the effect of an electron multiplier on signal-to- 
noise ratio. 


4-3. Explain how the decelerator removes any residual helical motion iti the 
electron beam of an image orthieon before the beam reaches the target. 

4-4. Discuss the effect of the mesh structure on the limiting resolution of the 
image orthieon in the light of signal characteristics discussed in Chap. 2. If 
particular image orthieon has a useful diagonal of 1.6 in. and a total of 500 meshes 
pe- inch, what is the maximum usable bandwidth in a system having a horizontal 
'.ne-scanning rate of 15 kc? 

4-6. Extend the curves of Fig. 4-32 to a bandwidth of 10 Me, and add one for 
R. q = 100 ohms. 

4-6. Consider a system with 10 Me bandwidth operating from a pickup tube 
and containing a pro[ »rly compensated amplifier. If an amplifier with an 
equivalent noise resistance of 500 ohms is chosen for the first stage, what must 
be the signal current from the pickup tube in order to maintain a signal-to-noise 
ratio of 40 if the amplifier is the only source of noise? With the same 509-ohm 
equivalent and the same signal current, what must be the value of the inpu* 
coupling resistor if the signal-to-noise ratio is not to be decreased to a value of 
less than 35? 

In order that the signal-to-noise ratio still be maintained at a value of at least 
30, what must be the minimum noise current in the output of the pickup device? 

4-7. The illumination on the photosurface of a pickup tube is related to the 
scene illumination bv 

,, = _ . rR — />’ 

I p( nt + 1 ) 2 


where li is the reflectance of the principal subject in the scene, T is the transmis¬ 
sion factor of the lens, / is the / number of the lens, and m is the linear magnifica¬ 
tion from scene to target which, except for close-up shots, can be neglected If a 
type 5820 image orthieon is to be operated at the knee of the response curve, 
what should be the illumination on the subject with a reflectance of 0.5 when 



604 FUNDAMENTALS OF TELEVISION ENGINEERING 

using an /6.3 lens with a transmission factor of 0.8? If the scene illumination^ 
is now reduced by a factor of 4, what must be done in order to maintain the same 
signal-to-noise ratio from the pickup tube? 

4-8. If an image orthicon is g'.ving essentially the expected signal output but 
the signal is much noisier than predicted, what is the most likely trouble? 

4- 9. The over-all sensitivity of the vidicon is roughly comparable with that of 
the iconoscope. In view of this, enumerate the reasons you can think of for its 
increasing usage (a) as compared with the iconoscope and ( 6 ) as compared with 
the image orthicon. What accounts for the much greater sensitivity of the 
image orthicon as compared with the vidicon? 

CHAPTER 6 

5- 1. Design a deflection-plate system for an electrostatic-deflection cathode- 
ray tube having an accelerating potential of 15 kv and a maximum deflection of 
30° measured from the axis. Specify the length and spacing of plates, and calcu¬ 
late the required potential between the plates for maximum deflection. Com¬ 
ment on the practical feasibility of using electrostatic deflection for meeting such 
requirements. 

6- 2. With reference to the circuit of Fig. 5-7, discuss the reasons for the bal¬ 
anced centering controls and push-pull deflection from the standpoint of deflec¬ 
tion distortion and spot defocusing. 

6-3. Sketch the required shape of the electric field between the end of the 
deflection field and the screen in the cathode-ray tube with postucceleration in 
order that the deflection as a function of deflection potential not depart from 
linearity. 

6-4. Determine the value of 7 for the picture tube shown in Fig. 5-12 for an 
accelerating voltage of 6,000 volts. 

6 - 6 . Discuss the purpose in flaring the ends of the deflection plates in an elec¬ 
tron gun as illustrated in Fig. 5-6. Derive an approximate relationship in terms 
of the dimensions of the modified plates for the deflection sensitivity of such a 
system. Neglect fringing and end effects. 

6 - 6 . Enumerate the various advantages of metal backing of cathode-ray-tube 
screens. 

6-7. A magnetically deflected cathode-ray tube has a useful screen diameter 
of 19 in. The maximum deflection angle (from the axis to the corner of the pic¬ 
ture) is 70°. The radius of curvature of the screen is 40 in. Plot the deflection 
D as a function of 1/R, where R is the radius of deflection in the magnetic-deflec¬ 
tion system. Calculate the required maximum magnetic-flux density if the 
accelerating potential is 15 kv. 

5- 8. Discuss the feasibility of using postacceleration in a wide-angle magneti¬ 
cally deflected cathode-ray tube. 

6- 9. From the discussion of various techniques applicable to tricolor cathode- 
ray tubes, make your own analysis of the relative merits of each, and determine 
which ones are most likely to prove practical in the future. 

CHAPTER 6 

6-1. The response of a simple resistance-capacitance coupled stage is down 
3 db at a frequency of 6 Me. The stag* uses a 6AK5 having a g m of 5,000 ^imhos 
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and has a gain of 5. If shunt peaking leading to a maximum-flatness type of 
response i 6 to be employed, what must be the value of the peaking inductance 
and what will be the new frequency at which the response is down by 3 db? 

6-2. Derive the condition for the flattest type of response for the modified 
shunt-peaked and the series-peaked amplifier. 

6-3. Derive an expression for the h-f 0.707 response point for an n-stage resist¬ 
ance-coupled amplifier. 

6-4. Verify the statement made in footnote 1, on page 160, for shunt peaking 

6 - 6 . Design an amplifier using modified series-shunt peaking on the basis of 
the most linear phase characteristic. Use 6AK5 tubes, and assume that the total 
shunt capacitance between stages can be made as small as 15 /j/if, including 
socket and stray wiring capacitances which can be divided in the desired way 
between input and output of a four-terminal coupling network. The over-all 
rise time is to he 0.05 psec, and the over-all gain is to be 50. Determine the 
required number of stages, and compute all important circuit constants. 

6 - 6 . It is found that the total shunt capacitance between the output of a 
particular pickup tube and the first amplifier stage is 25 fin f and that its load 
resistance must he at least 100,000 ohms in order that it not affect the signal-to- 
noise ratio. Determine the constants in an h-f correction network such that rue 
over-all response be maximally flat with a bandwidth of 10 Me. Assume a total 
shunt capacitance in the correction network of 15 /i/rf. How much gain i> 
required to make up for the loss in the correction network? 

6-7. Derive a normalized expression for relative gain for a modified senes- 
peaked amplifier which has a resistance in parallel with the series inductance. 
Plot the normalized gain and time-delay characteristic for the case of flattest 
response characteristic. 

6 -8. With Eq. (6-70) as a starting point and meeting the condition of Eq 
( 6 - 68 ), obtain a normalized expression for relative gain in terms of frequency 
ratio, «/wi, where wi = \/R u C e , and k, where k = R L /(R L + R d ). Plot relative 
gain and time delay for various values of k. 

6- 9. Design an 1-f compensated stage on the basis of both Eqs. ( 6 - 68 ) and (6-71) 
which will reproduce a step function with a tilt of only 2 per cent in 10,000 ^sec. 
Consider the following constraints and limitations: power-supply voltage, 300 
volts; d-c plate voltage, 100 volts; plate current, 10 ma; R L = 1,000 ohms based 
on h-f considerations; maximum permissible value of R u = 1 megohm. 

CHAPTER 7 

7- 1. Verify all the waveforms of Table 7-1. 

7-2. If the excitation waveform of Fig. 7-11 is periodic at intervals of T with 
«"i ■« 0.97’, derive the general equation for the output voltage after the A'th 
period. If the RC time constant is equal to the period T, plot the response for a 
complete period after steady-state conditions have been reached. 

7-3. Derive the equation for normalized time response to a step function for 
the modified shunt-peaked amplifier of Chap. 6 for the particular case of 
approximate inuximal flatness. 

7-4. Derive the equation from which the plot of Fig. 6-41 was made. 

7-6. A current source of a double impulse like that of Table 7-16 is applied to 
a parallel RC circuit. If 7 1 1 = 0 . pin' »l e response for RC = 0.5Ti, 7',, 


anu 
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T. Repeat for 7\ = 0.97 7 . Establish what you believe to be a reasonable rela- 
tiooship between the 3-db bandwidth of the RC circuit and the ability to resolve 
two separated pulses. 

7- 6. Derive the normalized transient equation from which Fig. 6-£3 was 
plotted. 

CHAPTER 8 

8- 1. It is desired to obtain a gain of 10,000 from cascaded synchronously 
tuned amplifiers at a center frequency of 30 Me and an over-all bandwidth of 
8 Me. Calculate the required number of stages and the circuit constants for 
each stage if the tubes are 6AK5’s and the total shunt capacitance between 
stages is 12 

8-2. Design a stagger-tuned amplifier to fulfill the requirements of Prob. 8-1. 

8-3. Design an amplifier with double-tuned transitionally coupled stages to 
meet the requirements of Prob. 8-1. 

8-4. A double-tuned stage is required to deliver 1 watt of power into a 100-ohm 
load at a center frequency of 40 Me. The 3-db bandwidth of the circuit is to be 
8 Me, and the circuit is slightly overcoupled with a rise at the peaks of 3 per cent 
above that at resonance. The driving tube is a constant-current pentode, and 
the total shunt capacitance in the primary circuit is 15 /x/if. Determine the 
required values of all circuit constants. What are the voltage and current sup¬ 
plied by the tube at the resonant frequency (assume infinite primary Q)? 

8 -6. Synthesize a bandpass filter from a low-pass prototype consisting of a 
shunt-peaked amplifier having m = 0.5 with a total shunt capacitance of 15 nn f. 
The bandpass filter is to have a center frequency of 20 Me and a bandwidth of 
6 Me. Compare the gain-bandwidth product with that of the single-tuned 
circuit. 


CHAPTER 9 

9-1. Plot the demodulated signal as obtained from the single-tuned circuit 
with carrier suddenly impressed if the center frequency is 40 Me and the 3-db 
bandwidth is 6 Me with the carrier tuned to the center of the pass band, usintr 
the approximations which result from Q 0 » 1 . 

9-2. Repeat Prob. 9-1 if the carrier frequency is lower and tuned to the fre¬ 
quency of half voltage response. 

9-3. Suppose that both the carrier and the lower sideband are removed from 
the signal of Eq. (9-0) but that some sampling of the carrier is transmitted suffi¬ 
cient to synchronize an oscillator at the receiver. How could the original modu¬ 
lation be recovered? 

9-4. A carrier wave may be represented by 

e c = E e sin (uj -f <p) 

If the angle is varied with the modulating signal, the result is phase modulation. 
Point out the essential differences in the phase-modulated wave and the f-m wave 
with regard to the sparing and number of the sideband components. Discus? 
the suitability of phase modulation in the standard television system for tin 
aural portion of the signal. 

9-6. Suppose that the phase of the picture carrier in the transmitter is to a 
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slight extent a function of the video modulation depth. Whut effect might this 
phase modulation have upon the reproduced sound in the intercarrier system? 

9-6. If it weie possible to realize bandpass filters with infinite rejection over 
specific ranges, discuss the suitability of the intercarrier system if the aural car¬ 
rier were amplitude-modulated. 

9- 7. Analyze the intercarrier sound system, assuming a square-law detector 
with appropriate filters with a 'espouse of 

Ci»u t = A>, u - 

CHAPTER 10 

10 - 1. A pentode amplifier having a plate-load resistor R L and effective shunt 
capacitance Co has a cathode impedance Z k consisting of the parallel combination 
RkCk. If RkCk = Rj.Cu, show that the gain is 

_ Q n%R L 1 

1 + g, n R k I + j(w/«o)[l/(l + 

whereco 0 is the point of 0.707 response of the amplifier without cathode impedance 
Compare the gain-bandwidth product with and without cathode impedance. 

10-2. Show that the gain-bandwidth product of a pentode amplifier is the 
same whether the load resistor is in the plate or the cathode circuit. 

10-3. What is the approximate effective input capacitance of a pentode at 
low or medium frequencies having a grid-cathode capacitance of 8 ppf if the <j 
is 5,000 /iinhos and a resistance of 500 ohms is placed between cathode and 
ground? 

10-4. In the grounded-grid circuit of Fig. 10-11, if Z rk is 1 /ju)C,, k and Z is R . 
and Co in parallel, establish the conditions under which the input impedance 
can be expressed as 

y _ r v +_#/._ r v /(n + 1 )_ 

r P 1 4- jw(r P /(/i 4- 1 )]C pk 

Show that it is equivalent to a simple parallel RC circuit in combination with an 
ideal transformer. 

10-6. From the standpoint of the output terminals of the grounded-grid ampli¬ 
fier, under what approximations will the effective plate-cathode capacitance 
differ from the static value by the factor r„/(r p 4 - ft,.)? I n addition to any 
method of attack that you might choose, determine the same result with Eq. 
(10-30) as a starting point. 

10-6. Repeat the development of Sec. 10-10 for the sum of n voltage inputs 
each with its own internal resistance, and show under what conditions the output 
may be expressed as 

El = — (Ei 4- Et 4- Ei 4" • • • 4 _ E n ) 

10-7. A two-stage video amplifier is to be designed with a pentode driving the 
circuit of Fig. 10-19, with Z u being purely capacitive, Z, resistive, and Z L a 
resistance shunted by a capacitance. Establish a set of conditions among the 
circuit constants which will yield the maximally flat type of response. Consider 
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the case of two 6AG5’s in a chain of amplifiers with ff m 's of 5,500 /xmhos and total 
interstage capacitances of 15 M/d for each stage, with a gain of 50 required from 
the two stages. What will be the over-all 3-db bandwidth? 

10-8. A feedback amplifier of the form shown in Fig. 10-20 is used to match a 
75-ohm transmission line terminated in its characteristic impedance R 0 . The 
output stage is a pentode having a g m of 8,000 /xmhos. The effective shunt 
resistance R[ at the amplifier input is 10,000 ohms, R? is 10,000 ohms, and Rc is 
10,000 ohms. Compute the required value of the gain G‘ ahead of the final stage. 
Find the value of C required to maintain the 1-f 3-db point at 1.0 cps. 

10-9. Make a graphical analysis of the circuit of Fig. 10-27a as an input signal 
goes through its maximum possible range in both directions from the quiescent 
point. Plot the currents of both tubes and total effective internal resistance, 
both as a function of signal amplitude. 

10-10. The rectangular waveform of Fig. 10-30 is applied to a resistance- 
capacitance coupled amplifier stage. The period T i is 10 /xsec, and the total 
period T is 50 nsec. There are 250 such periods followed by a period T a of 
950 Msec, and T\ — T 3 of another 50 /isec. The 1-f time constant in the amplifier 
stage is 1,000 /xsec. Plot the output waveform through the entire interval 
of TV 

10-11. Repeat Prob. 10-10 for N = 133, T a = 7,980, and all other constants 
unchanged. 

10-12. A d-c restorer is used in the circuit of Fig. 10-34a. Repeat Prob. 10-11 
for d-c restorer operation if the effective internal resistance of the diode is 300 
ohms when conducting and the source resistance is 2,000 ohms. R 2 is 1 megohm. 
Repeat for an R 2 C time constant of 0.1 sec. 

10-13. A two-diode clamp circuit is used to clamp the peaks of a recurrent 
rectangular waveform to zero level. The period of the recurrent waveform is 
60 /isec, and the duration of the peak, T\ is 10 Msec. The clamp-source voltages 
are E x = E 2 = 10 volts, R a = R b = 1,000 ohms, R x = R t = 100,000 ohms, 
Ci = (7a = 0.01 Mf- The diode resistances are each 300 ohms when the diodes 
are conducting. Sketch the waveforms appearing at points A, B, and D under 
zero Bignal conditions. Sketch the waveform at point A under signal conditions 
if R . = 2,000 ohms, C. = 1,000 M/d, the effective leakage resistance at point A 
when the clamp is turned off is 50 megohms, and the amplitude of the signal volt¬ 
age is 5 volts. 

10-14. Prove that the circuit of Fig. 10-57a is a true difference amplifier if 
Rpk = Rk . 

10-15. The two triode sections of a 6BQ7 tube are available for use as a low- 
level r-f amplifier using fingle-tuned circuits fed by a current source. The band¬ 
width required at the output is 5 Me. The center frequency is 20 Me. Using 
typical operating conditions from the tube handbooks, compare the ratio of out¬ 
put voltage to input current for all possible combinations of the double triode, 
and compare the output signal-to-noise ratios for the various cases. 

10-16. A section of coaxial transmission line is used to delay a single pulse of 
duration 2 Msec by an amount of 10 Msec. The characteristic impedance of the 
transmission line is 100 ohms, and its capacitance is 15 M/d/ft. What is the 
inductance per unit length, and how long should the line be? Sketch the volt¬ 
age at the receiving end of the line under the following conditions: source resist- 
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ance and load resistance both 1,000 ohms, both 500 ohms, both 1,500 ohms; also 
source resistance 1,000 ohms with load resistance 500 ohms and 1,500 ohms. 

Now, if the line is properly terminated at both ends, plot the shape of the out¬ 
put pulse if the line has zero shunt conductance and a resistance of 1 ohm/ft. 

10- 17. Prove Eqs. (10-17G) and (10-1771. 

CHAPTER 11 

11- 1. It is desirable to generate an approximate saw-tooth scanning voltage 
waveform with the circuit of Fig. 11-1. The active scanning period is 15.600 
Msec, and the retrace period is 1,000 Msec. The available power-supply voltage is 
000 volts, and the charging resistance R is 2.2 megohms. Compute the required 
value of C for a 10-volt peak-to-peak waveform if the clamp is a perfect clamp. 
If the clamp is not perfect but has an effective resistance of 2,000 ohms during 
the discharge period, plot the actual waveform during the complete charge and 
discharge cycle. Compute the departure from linearity at the end of the sweep. 
Repeat for a clamp resistance of 5,000 ohms. 

11-2. A type 7JP4 cathode-ray tube is used as a small monitor picture tube. 
At an anode voltuge of 6,000 volts, a deflection voltage of 600 volts is required 
to deflect the electron beam from center to edge of the tube. Linear balanced 
saw-tooth waveforms are applied to the grids of balanced amplifiers driving the 
deflection plates. The active scanning time is 55 Msec, and the retrace time is 
8 M«ec. The amplifier tubes are pentodes capable of supplying a current rang® 
of 5 to 55 ma each without appreciable nonlinearity and are used over this range. 
No feedback is used. The total shunt capacitance to ground at each deflection 
plate is 30 MMf> obtained with very careful construction. The capacitance 
between opposite plates is 5 MMb including wiring and socket capacitances. 
Compute the required plate-load resistances, and plot the voltage waveform at 
one of the plates over a complete period. 

If the minimum tube drop for one of the driver tubes is 100 volts, what must 
be the required power-supply voltage? 

11-3. It is desired that a 200-volt saw tooth be generated at the output of the 
circuit of Fig. 11-8. What must be the gain of the amplifier if not more than a 
2 per cent deviation from linearity can be tolerated at the end of the sweep? 

11-4. Generalize the saw-tooth generator of Fig. 11-8 by replacing t|, e tube 
with an amplifier characterized by an open-circuit gain and an effective ecpiiva¬ 
lent internal resistance which includes R,.. Apply the general feedback relation¬ 
ships evolved in Chap. 10 to obtain the equation for the output waveform. Dis¬ 
cuss the principal effect of the effective internal resistance upon the waveform. 

11-6. Derive a usable expression for the output from the cathode follower of 
the circuit of Fig. 11-10 when the clamp V , is suddenly released. Show that with 
reasonable approximations the equation can be put in the form 

Cy C+Crd-(3 ) 

e *«) = C + C,(1 - O) (1 " • * CC ' ") 

where O is the gain of the cathode follower. In terms of the equations which you 
derive, discuss the requirements on Cy. 
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11-6. Perform the operations indicated in the paragraphs immediately follow¬ 
ing Eq. (11-33), then verify Eq. (11-35). 

11-7. Design a trapezoidal waveform generator of the type shown in Fig. 11-14 
if the L/R ratio of the inductance that it is to be applied to is 0.5 mh/ohm. 
Assume a plate-supply voltage of 300 volts and one section of a 12AT7 tube as a 
ciamp. Assume that the clamp driving source is capable of supplying 10 ma of 
grid current during the clamping interval. The active sweep time is to be 
16,000 /xsec, and the recovery time is to be 500 Msec. The peak-to-peak value of 
the voltage waveform is to be 15 volts. Specify reasonable values for the RC 
elements in the plate circuit. 

11-8. Derive the relation expressed by Eq. 11-42. 

11-9. An 1-f deflection yoke is transformer-coupled to a triode plate circuit, 
the triode having a plate resistance of 4,000 ohms. The transformer has a 10:1 
turns ratio, a primary resistance of 1,200 ohms, and a secondary resistance of 
8 ohms. The primary inductance is 8 henrys under conditions of normal oper¬ 
ating current. The deflection yoke has an inductance of 30 mh, and a d-c 
resistance of 52 ohms. The length of the forward sweep is 16,000 Msec, and the 
retrace is 600 Msec. Determine the required driving voltage waveform at the 
grid of the tube if the primary impedance could be neglected. With the excita¬ 
tion thus determined, plot the actual waveform of current in the yoke, not 
neglecting the primary impedance of the output transformer. 

11-10. A particular combination of horizontal output transformer ar.d deflec¬ 
tion coil has a self-resonant frequency of 75 kc used in the simple circuit of 
Fig. 11-29. The yoke has an inductance of 15 mh and a d-c resistance of 30 
ohms. The transformer has a 3.5:1 turns-ratio step-down from the plate cir¬ 
cuit to the yoke. Assume that the transformer losses can be neglected. The 
plate-supply voltage is 300 volts, and the plate current in the driver tube is 
200 ma. Plot the current through the yoke and the voltage across it during 
both the sweep and retrace periods if the circuit is adjusted for a perfectly 
linear sweep. What is the peak plate voltage at the plate of the driver tube? 

11-11. If the transformer and yoke combination are used in the circuit of Fig. 
10-32, approximately how much additional boost is applied to the effective plate- 
supply voltage? 


CHAPTER 12 

12-1. The synchronizing waveform of Fig. 12-1 la is applied separately to both 
a simple RC differentiator and an integrator circuit. The time constant of the 
differentiator circuit is 5 Msec and of the integrator circuit 100 Msec. Plot the 
output waveform from both circuits through the entire vertical period. If the 
equalizing pulses are deleted, calculate the error in timing for successive vertical 
fias’ds. Show accurately what this will do to the line structure in the final repro¬ 
duced picture. 

12-2. An integrator, consisting of a single RC circuit, is to be compared with 
a two-stage integrator consisting of two identical RC time constants separated by 
a vacuum-tube amplifier. The time constants of the circuits to be compared 
are such that the response is up to 0.9 of their full value for the duration of the 
pulse to be integrated in each case. Plot the response to the pulse to be inte- 
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grated in both cases, showing that the response of the two-etage integrator during 
the pulse interval is of the form 

1 - (1 + at)er** 

Also plot the response of both integrators to a pulse of width 0.1 that of the 
pulse to be integrated. On the basis of your results, discuss the relative effective¬ 
ness of the two circuits in discriminating against noise and horizontal synchroniz¬ 
ing pulses in using the standard synchronizing waveform. 

12-3. With the standard NTSC picture signal, either positive or negative 
modulation of an r-f carrier could be used for broadcast purposes. For the same 
modulation depth in the two cases (down to 12.5 per cent of peak carrier), verify 
approximately that “on the basis of an all-white picture, calculations show that 
an increase of 30 per cent in power output can be obtained with negative modula¬ 
tion as compared with positive modulation for a transmitter with given power- 
output tube-plate dissipation capabilities.” 

12-4. Show that Eq. (12-11) reduces to Eq. (12-14) in the double-sideband 
region of the color subcarrier, and verify the location of the primaries. 

12- 6. Modulation of the quadrature components of a carrier by separate pieces 
of information can be dhown to be identical to both phase and amplitude modula¬ 
tion of a single carrier. Show that Eq. (12-11) can be written in the form 

E u = E'y + E v sin (a >.t -f 33° + 0) 

Identify all parts of this equation in terms of the elements of Eq. (12-11). 

CHAPTER 13 

13- 1. Using the techniques developed in Sec. 13-1, conduct a complete analysis 
of a symmetrical multivibrator using a type 12AU7 tube. The plate-load resis¬ 
tors are 15k, grid-return resistors 1 megohm, coupling capacitors 0.05 /if, and 
the plate-supply voltage 250 volts. Determine the period, and plot the grid- 
and plate-voltage waveforms as accurately as possible. Repeat the analysis with 
the grid resistors connected to the plate-supply voltage source rather than to 
ground. 

13-2. A multivibrator is to be made to reverse by a negative trigger as shown in 
Fig. 13-96. The trigger is applied from a 10,000-ohm internal-impedance source, 
and at the time it is applied, the tube being triggered is drawing 1 ma of grid cur¬ 
rent at a grid voltage of +2 volts. The tube will cut off at a grid voltage of 
-10 volts. How large must the open-circuit trigger voltage be in order to cut 
the tube off? Does the trigger have to be this large in order to make the multi¬ 
vibrator operate? If not, explain the factors which might influence its required 
size, particularly with regard to speed of response. Considering the rise time 

and width of the trigger pulse, is it possible that it might be too fast to achieve 
satisfactory triggering? v 

13-3. Consider the circuit of Fig. 13 -10. Explain the results of any attempts 

to use positive rather than negative triggering on the suppressor. Discuss any 

restrictions on the circuit of Fig. 13-10 with particular regard to screen-grid 

dissipation. If you wish, use a particular tube such as a 0AS6 as an example for 
your discussion. ^ 
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13-4. The direct-coupled portion of a monostable multivibrator shown in 
Fie 13-11 which uses a 12AT7 tube has a plate-load resistor of 22k. is 
designed so that 1 ma flows through the RiRi path when V, iseutoff. Compute 
a combination of Rt and R, such that the distance that V, isi below cutoff when 
V, is conducting (at zero bias) is approximately the same as the positive voltage 
which would appear on the grid of V, if both sections of the tube were removed 

f ‘ “iS-fi^Ilesign "an a-c-eoupled multivibrator with cathode-follower isolation as 
shown in Fig. 13-18 for a total period of 1,000 psec. Arrange your design so that 
the cathode follower is never cut off and is driven just to zero bias and not to 
positive grid-cathode voltage. Make your design yield approximately a 100-volt 
swing at the output of the cathode follower with a 250-volt plate supply. 

13-6. A blocking oscillator uses one section of a 12ATJ7 tube. The duration 
of the main pulse is 5 /isec, and 5 ma of average grid current over the interval is 
drawn. The transformer has a 1:1 turns ratio, and the plate-supply voltage is 
250 volts. Find the value of C required to produce a 50-volt swing across it 
during the charge-discharge cycle. If the end of the charging resistor is returned 
to the plate-supply voltage, calculate the required value of R for a natural repeti- 
tion period of 100 /isec. 


14-1. Design a delay line for obtaining muster timing for all leading and trail¬ 
ing edges in the synchronizing generator for the standard signal. The line is to 
be made from lumped circuit elements and is to have a characteristic impedance 
of approximately 1,000 ohms. The minimum tolerance variation on the width of 
any final pulse is to be 0.5 /isec. The sections are to be chosen so that any design 
errors which would make a pulse width fall outside of the above tolerance figure 
could be corrected for merely by changing taps on the delay line. Specify the 
delay per section and the required number of sections. 

14-2. Make a complete analysis of the counter circuit of Fig. 14-10. Deter¬ 
mine the size and d-c levels of the voltage waveforms at both grid and plate of 
one of the tubes. Make an estimate of the rise and fall times and of the maxi¬ 
mum rate at which the circuit would trigger properly. 

14-3. The designs of leading- and trailing-edge trigger generator circuits for a 
synchronizing signal generator as illustrated in Figs. 14-11 and 14-13 make use 
of many circuit functions analyzed in detail in previous chapters. Study these 
trigger generator circuits together with their associated explanations. Verify 
appropriateness of the elements of the design, checking amplitudes and levels 
of waveforms, operating conditions for the tubes, and adherence to dissipation 

ratings of the various tubes. . 

14-4. Analyze the synchronizing signal multivibrator and output circuits 

shown in Fig. 14-15, and make an estimate of the rise times of the pulse outputs. 


CHAPTER 16 

16-1 Design a horizontal saw-tooth waveform generator with the proper 
amount of vertical saw-tooth modulation to correct for the trapezoidal distortion 
of the type 1850A iconoscope. Use the method shown m Fig. 15-96 The fol 
lowing elements of design are suggested: all tubes, 12AT7’s; plate-supply voltage, 
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4-250; cathode-coupled amplifier gain, 2; required saw-tooth output, 20 volts 
peak. 

Determine (lie difference in line spacing from top to bottom of the picture with 
linear-scanning waveforms, and plot accurately the required vertical-scanning 
waveform for uniform line spacing. 

16-2. 1 he input sections of an iconoscope preamplifier follow the design shown 
in Fig. 15-17. On the basis of design for fastest rise time with minimum over¬ 
shoot, verify the significant results tabulated in Table 15-1. Determine the 
required values of series and shunt peaking inductances. 

16-3. The output noise of sections A and R of the preamplifier of Fig. 15-17 as 
given in 1 able 15-1 refers to a constant-current source independent of frequency 
and therefore implies aperture correction. Suppose that the aperture character¬ 
istic of the pickup tube is of the form cos 2 6 with a response down to 10 per cent 
of its 1-f value at 10 Me. By what factor will this change the output noise if 
aperture correction is not employed, and to what value can the mosaic illumina¬ 
tion be reduced and still maintain a signal-to-noise ratio of 10:1? 

16-4. The 1-f coupling-circuit constants for the complete preamplifier dis¬ 
cussed in connection with Fig. 15-17 and Fig. 1.5-18 are to be specified. Each 
stage is to be designed on the basis of a step-function response. The output is 
to have zero slope, i.e., flat at u time immediately after reaching full amplitude 
and is to have not more than a 1 per cent tilt at the end of a line interval (63 
Msec). Make an estimate of the allowable tilt per stage, and spccifv all elements 
of the 1-f coupling networks. Maintain the proper operating levels for the tubes 
so that values of g m , etc., assumed in the h-f design are maintained. 

16-6. Analyze the performance of the control amplifier in Fig. 15-22. Sketch 
the levels and waveforms at important points, including the clamp pulse and 

synchronizmg-signnl section. Make an estimate of the over-all bandwidth of 
the video amplifier chain. 

16-6. An aperture-correction circuit uses delay-line techniques. A distortion¬ 
less delay line having a characteristic impedance of 500 ohms is used The cir¬ 
cuit peaks at a frequency of 0 Me. where it has a gain of 20 times that at low fre¬ 
quences. Specify the characteristics of the delay line, and design a suitable 

difference amplifier and driving stage, being sure that the bandwidth is not 
limited by these units. 

16-7 Design a signal-mixing matrix unit to obtain the E' r , E' v , ami AE\ signals 
rom the gamma-corrected color signals. Use simple resistance addition, anil 
try to achieve the design using the minimum possible number of resistors. 
i6-8. Specify filter characteristics which will fulfill the requirements of the 

wUMulWlVh ‘ £a B ‘ U8in,! "" y ° f the cou I >,in 6 networks of Chap, (i which 

? , h ; “ m|,l,tu ; e recrements. Determine the required form of time 

signal ln ' e lrce < ' , " ,nncls 40 mcet specifications of the ...ptete 

OASfl's as^diid'i *1 T" for eolor-subearrier modulation, using 

0 AS« s as double balanced modulators. Determine the gain of the multipliers 

CHAPTER 18 

tuner! r-isoided 1 '^ 6 the requir<Kl con »t»nts for the tuning circuits for five double 
tuned cascaded cIuhh B power-amplifier stages for a transmitter. Make each 
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stage overpeaked with a rise at the peaks of 3 per cent above the center-fre¬ 
quency value. The transmitter is designed for channel 6, and the carrier is 
tuned to one of the peaks in response. One of the points of unity relative response 
is 0.75 Me below the carrier. Plot the over-all response of the five stages. Note 
the need for additional attenuation at the sound carrier frequency and at the 
adjacent sound carrier frequency, and design high-Q traps in two of the stages to 
bring the attenuation at these frequencies to within the prescribed limits. Dis¬ 
cuss the relative merits of grounded-grid vs. grounded-cathode operation in these 

stages, particularly with regard to efficiency. 

16-2. Compare the required value of loading resistance in double-tuned cir¬ 
cuits for series tuning and shunt tuning for overcoupled circuits with peaks of 
3 per cent above the center-frequency value at a center frequency of 500 Me. 

16-3. The average power to be delivered to a television antenna is to be 10 kw 
on channel 22. The distance from the antenna feed to the transmitter output is 
2,000 ft. Specify the required size of transmission line, and determine the 
required power output from the transmitter. 

16-4. A particular transmitter of the high-level modulation type is capable of 
delivering 40 kw of peak carrier. What is the maximum power which must be 
dissipated in an absorption-type vestigial-sideband filter? 

16- 5. A transmitter is capable of delivering a peak-carrier power output of 
30 kw. A six-bay batwing antenna is used at a height of 500 ft above the terrain. 
Assuming a constant height of receiving location of 50 ft, plot field intensity vs. 
distance from the transmitter for a frequency of 200 Me. Assume plane-earth 
theory, neglecting curvature and irregular-terrain factors. 

CHAPTER 17 

17- 1. Consider the circuit of Fig. 17-186, operating at moderately low fre¬ 
quencies. The antenna impedance is 300 ohms, and the transmission line is 
assumed to be lossless and is matched to the antenna. All the interna! noise 
sources in the amplifier are referred to the input, yielding an equivalent grid 
resistance ft' 0 of 500 ohms. Plot the noise figure of the system as a function of 
Ri/R, ranging from ft, = 50 ohms to ft, = 1,000 ohms. 

The horizontal sweep in the display requires 50 nsec to traverse a screen 14 in. 
wide. The length of the transmission line is 100 ft, and the capacitance of the 
line is C — 10 What would be the position of a “ghost” relative to 

the main image on the display, and what would be the relative polarity for ft< 
< ft, and ft< > ft,? 

17-2. The transit-time loading of a particular tube at a frequency of 200 Me is 
ft# = 2,000 ohms. It is desired to couple into this tube from a 300-ohm antenna 
through a double-tuned circuit as shown in Fig. 17-19c. The total shunting 
capacitance across the secondary is 10 /i/if. The circuit is to be slightly over- 
coupled with a 3 per cent rise at the peaks, and the distance between the points 
on the skirts which are at unity response is to be 6 Me. Design a double-tuned 
coupled circuit which will satisfy the requirements. If necessary, shunt ft# with 
another resistor ft<, but keep its value as large as possible. 

17-3. An uhf tuner consists of a preselector, crystal mixer, local oscillator, 
and 6BK7 cascode first i-f amplifier at a picture i-f carrier frequency of 45.75 Me. 
Assume that equal signal and local oscillator voltages are applied to the mixer 
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and that the mixer diode in its conducting direction can be represented by the 
equation 

e.,ut = 


Assume the diode characteristics shown in Fig. 10-53, and determine the con¬ 
stants ai and a 2 by Taylor-series expansion. Compute the maximum possible 
noise figure for the combination, assuming that a bandwidth of 6 Me can be 
achieved in the preselector and that the preselector uses a simple double-tuned 
circuit. 

17-4. Important characteristics of a particular pencil triode used at S00 Me as 
a grounded-grid amplifier are as follows: g m = 10,000 /imhos, r p = 5,000 ohms, 
input-resistance component due to transit-time loading 200 ohms, input capacity 
10 nnt. Specify the constants of a double-tuned input circuit which would 
match the total input resistance to an antenna of 300 ohms. Also determine the 
constants of a double-tuned output circuit. Choose constants which you believe 
to be realizable in the double-tuned circuits, and see what band widths these lead 
to. Assuming that a bandwidth of 6 Me can be achieved at the input and output 
either b}’ lumped circuits or by transmission-line equivalents, compute the 
theoretical noise figure of the stage. 


17-6. Design a four-stage i-f amplifier for a commercial television receiver 
having intercarrier sound, with a 45.75-Mc picture carrier using stagger-tuned 
stages with GAK5 tubes, starting with the general equation for stagger tuning 
given by Eq. (8-55). Make use of auxiliary traps to provide the required attenu¬ 
ation of the sound carrier frequency. It might be useful as a starting point to 
design four identical stages yielding a maximally flat type of response ami then 

make modifications to bring the whole system within the tolerances of the stand¬ 
ard i-f system. 

17-6. A synchronizing signal limiting and clipping system is shown in Fig. 
17-34a. Assuming u minimum l-volt peak-to-pcak video signal from the detec- 
tor, and using type 12AT7 tubes, specify suitable circuit constants, including those 
of the d-c amplifier for proper limiting and clipping operations. Make your design 
such that most of the pulses during the vertical synchronising pul so interval are 
deleted. Sketch the output waveforms. 

17-7. Design a synchronizing signal limiting and clipping circuit similar to 
that of Fig. 10-346. 

17-8. Make as complete an analysis as you can of the complete picture svn- 

chronization system shown in Fig. 17-38, including operating level's of tubes and 

waveforms at various points. Pay particular attention to the horizontal-deflec¬ 
tion system. 


17-9. Specify reasonable time constants in the gated age system of Fig. 17-42 
using the narrow keying pulse obtained from the horizontal discharge tube. 

17-10. Verify the color-signal components at the output of an K\ and I- ',, 
decoder as tabulated in Table 17-1. 

17-11. Check the required fractions of K\ and E' q in the mixers of the coin, 
decoder shown in Fig. 17-44. 


17-12. Devise a block diagram of a complete color decoder, 
the narrow-band color signals, and discuss wlmt simplifications 
in decoding in thin manner. 


considering only 
call he achieved 
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PHOTOMETRIC QUANTITIES AND DEFINITION 

OF TERMS 1 


A-l. The luminosity function is the curve of relative visibility as a function of 
.vavelength for the average eye as determined from the work of (iihsoit and 
Tyndall and adapted as standard by the CIE. A particular point on the curve 
is the relative luminosity factor at that wavelength. 

A-2. Illumination is the radiant power density incident upon a receiving sur¬ 
face evaluated in terms of the luminosity function. For a continuous spectrum, 
this may be expressed as 

E = k f Q " v x (! x d\ 

where E = illumination 

(/’a = irradiation at wavelength X 
i'x = relative luminosity factor at that wavelength 
k = constant which depends upon the units of the other quantities 
The most common unit for illumination is the lumen per square foot. 

A-3. Intensity is the property of a complete radiating source which specifies 
its ability as a whole to produce luminous effects. It should be pointed out that 
it is possible to treat the source as a whole only if the dimensions of the source 
arc small compared with its distance to the point of observation. I'nder such 
conditions, the inverse-square law applies as follows, 

E = jy z fi 

where I is the intensity of the source in candles, a candle being tin- intensity of 
'go cm 3 of a black-body radiator operating at the temperature of solidification 
of platinum; I) is the distance to the receiving plane in feet; fi is the angle between 
the normal to the surface and the direction of the source; and E is tho illumination 
in foot-carutles. 

A-4. Brightness is the objective stimulus evoking the sensation of brilliance. 
It is that property of a radiating source which specific's the abilitv of an element 
of the source to produce luminous effects. It may be defined for a plane surface as 

„ = J 'LL 

TOS rr /M 

1 F ° r ™ re detai,ed discussion of entities in the illumination system, sec Warren B. 

"" ,,,Ht,0n ,:n K im *ering.” 2d ed., MefJraw-Ifill Book Company. Inc., New 
York, 1052. 1 
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where dl is the intensity of an elemental area dA at an angle a with the normal 
to the element. 

If the brightness and intensity are uniform, the brightness may be expressed as 


projected area of source 

A basic unit of brightness is that of candles per square foot. A more common 
unit is the rationalized unit of foot-lambert, where 

B' (in ft-lamberts) = ttB 
where li is in candles per square foot. 

Frequently the term luminance is used instead of brightness for the exact 
photometric quantity. Brightness, then, is used to refer to the subjective 
response. 

A-5. Luminous jlur is the radiant power evaluated in terms of the luminosity 
function. The total luminous flux received over a surface S may be expressed by 

<t>n = f s E dA 

where E is the illumination in lumens per square foot and is the total flux in 
lumens. 

A-6. I.uminimiti / i- the radiant power density emitted, transmitted, or reflected, 
evaluated in terms of the luminosity function. It may be expressed by 

_ dd>K 

L ~ dA 


where d<p t: is the luminous flux leaving the area dA. The dimensional unit for 
luminosity is the same as that for illumination, e.g., the lumen per square foot. 

For a perfectly diffusing source, the luminosity in lumens per square foot is 
numerically equal to the brightness in foot-lambert-s. 
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SOME COMMONLY USED TRANSFORM PAIRS 1 


Transform 

Inverse transform 

(l) 8 

i; u(0 

< 2 >.+„ 


<3) .(. V «i 

l - 

a 

^ (* + <*)(« + >) 

«-«* - e->‘ 

7 — a 

,-v * 4- ao 
<5) .(. +«) 

ao — (ao — o )e” a< 

a 

^ 8(8 •+■ Ot) (8 d* y) 

1 j - a*'*' 

ya ay (or — y) 

(7 > .(. +*«K*°+ V) 

ya a (a — y) y ( y - a ) 

< 8 > .■+ 

1 . , 

- sin ait 

a> 

< 9 >..+«. 

COS a it 

(10) m 

^ \/(ao d- <*>*) sin (ait -f 

— tan -1 — 

Oo 

(H) 8(8* d- «*) 

“\ (1 — COS 0)1) 
o>* 

(12) (8 d* a)* d- 0* 

i «" a< ain 

p 

(13 > (. + « + A 

jj |(a 0 - a)* d- sin (at -F *) 

* “ tan -1 ——— 

Oo — a 

(,4) (8 d- a)* d- a* 

« _a * cos at 


1 For a more complete table of Laplace transform pairs see M. F. Gardner and 
J. L. Barnea, “Transients in Linear System*,’’ J«*nn Wiley and Sons, New York, 1912. 
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Transform 

Inverse transform 

(15) s[(s +«)* + 0*) 

i + M'« 

^ — tan -1 ——; 0o* = a* + 0* 

— a 

nr x s -f ao 

1 *[(* + a)* +0*| 

0 + ~ Kao - a)* + 0«l>*«-« sin (0* + *) 

* = tan -1 —--tan" 1 —; 0 O * = «* + 0* 

Go — ct —a 

/1 1 

i 

K n (8* + o>*)l(8 -f«)* + 0*1 

[(00* -«*)*+ 4a*w*JW 

^ sin (ut - ft) + | c _0< sin (0/ — ft)J 

<Al - tan 1 . , ,1 ft “ , 00* - a* + 0* 

Po — or a* — P + or 

s + a ° 

IT a 0 * + «* V* in(ul , ** 

' (S* + «*)((* + «)* + 0*] 

a, L (0o* - a,*)* + 4a 2 a>* J ( ' + 

. io . . 2aa> 

= tan 1 -tan 1 —-, 

Go PO 2 — OJ* 

ft - tan -1 —^-tan-* —z|^_ ; ^ 0 * = «* +0* 

a 0 — a a 2 — p 2 + a) 2 

(19) f* | 

< 

(2°) i 

—1— (-.-I 

(a - D! 

< 21) (. + «>,» 

*T at + at - 1 
a* 

(22) (. + .)• 


< 23 > <: t i 

l(«u - a)( + 

(24) («• + 0 :*)«* 


(26) *«[(• + a)* + 0*] 

M 1 ~ B + 5 *'“■ sin 

* = 2 tan -1 — ; 0,>* = a 1 + 0* 

— a 

(20) 8 -f rt 

( ’ 1(8 + «)* + 0*1* 

^ f«“ al sin fit 

(27) 

ii(t - a) 

(28) i 

(t - a)u(l - a) 


« 
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CHANNEL ALLOCATIONS FOR COMMERCIAL 

TELEVISION BROADCASTING 


Channel 

No. 


Visual 
carrier, Me 


Aural 

carrier. Me 


Channel 

No. 


Visual 
carrier. Me 


Aural 

carrier, Mo 


VHF: 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

UHF: 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 


187.25 

193 

25 

199 

25 

205 

25 

211 

25 

471 

25 

477 

25 

483 

25 

489 

25 

495 

25 

501 

25 

507 

25 

513 

25 

519 

25 

525 

25 

531 

25 

537 

25 

543 

25 

549 

25 

555 

25 

561 

25 

567 

25 

573 

25 

579 

25 

585. 

25 

591. 

25 

597. 

25 

603. 

25 

609. 

25 

615. 

25 

621. 

25 

627 

25 

633 

25 

639. 

25 


179.75 


191.75 


203.75 


475.75 

481.75 

487.75 

493.75 

499.75 

505.75 

511.75 

517.75 

523.75 

529.75 
535 75 

541.75 

547.75 

553.75 

559.75 

565.75 

571.75 
577 75 
583 75 

589.75 

595.75 

601.75 

607.75 

613.75 
019.75 


631.75 

637.75 

643.75 


UHF 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 
83 


645.25 
651 25 

657.25 

663.25 
669 25 

675.25 
681 25 

687.25 

693.25 
699 25 
702 25 
711 25 

717.25 
723 25 
729 25 

735.25 

741.25 
747 25 
753 25 

759.25 
765 25 

771.25 

777.25 

783.25 

789.25 
795 25 
801 25 
807 25 

813.25 

810.25 

825.25 

831.25 
837 25 
843 25 

849.25 

855.25 
861 25 
807 25 

873.25 
879 25 
885 25 


649.75 

655.75 

661.75 

667.75 

673.75 
679 75 
685 75 

691.75 

697.75 
703 75 

709.75 

715.75 
721 75 

727.75 
733 75 

739.75 

745.75 

751.75 
757 75 

763.75 
769 75 
775 75 
781 75 

787.75 
793 75 

799.75 

805.75 
811 75 
817 75 

823.75 

829.75 
835 75 

841.75 
847 75 
853 75 
859 75 
865 75 
871 75 

877.75 

883.75 
889 75 
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FCC STANDARDS FOR COMMERCIAL 
TELEVISION BROADCASTING 1 


I. Definitions 

1. Amplitude Modulation (AM). A system of modulation in which the enve¬ 
lope of the transmitted wave contains a component similar to the waveform of 
the signal to be transmitted. 

2. Antenna Height Above Average Terrain. The average of the antenna heights 
above the terrain from two to ten miles from the antenna for the eight directions 
spaced evenly for each 45 degrees of azimuth starting with true north. (In 
general, a different antenna height will be determined in each direction from the 
antenna. The average of these various heights is considered the antenna height 
above the average terrain. In some cases less than 8 directions may be used.) 

3. Antenna Power Gain. The square of the ratio of the root-mean-square free 
space field intensity produced at one mile in the horizontal plane, in millivolts 
per meter for one kilowatt antenna input power to >37.6 mv/in. This ratio 
should be expressed in decibels (db). (If specified for a particular direction, 
antenna power gain is based on the field strength in that direction only.) 

4. Aspect Ratio. The ratio of picture width to picture height as transmitted. 

5. Aural Transmitter. The ratio equipment for the transmission of the aural 
signal only. 

6. Aural Center Frequency. (1) The average frequency of the emitted signal 
when modulated by a sinusoidal signal; (2) the frequency of the emitted wave 
without modulation. 

7. Blanking Level. The level of the signal duiing the blanking interval, 
except the interval during the scanning synchronizing pulse and the chrominance 
subcarrier synchronizing burst. 

8. Chrominance. The colorimetric difference between any color and a refer¬ 
ence color of equal luminance, the reference color having a specific chromaticity. 

9. Chrominance Subcarrier. The carrier which is modulated by the chromi¬ 
nance information. 

10. Color Transtnission. The transmission of color television signals which 
can be reproduced with different values of hue, saturation, and luminance. 

11. Effective Radiated Power. The product of the antenna input power and 
the antenna power gain. This product should be expressed in kilowatts and in 
decibels above one kilowatt (dbk). (If specified for a particular direction, effec¬ 
tive radiated power is based on the antenna power gain in that direction only. 

1 This appendix contains excerpts from the regulations of the FCC pertaining to 
television broadcasting as amended Dec. 17, 1953. 
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The licensed effective radiated power is based on the average antenna power gair 
for each horizontal plane direction.) 

12. Field. Scanning through the picture area once in the cho.»en scanning 
pattern. In the line interlaced scanning pattern of two to one, the scanning ol 
the alternate lines of the picture area once. 

Id. Frame. Scanning all of the picture area once. In the line interlace" 
scanning pattern of two to one, a frame consists of two fields. 

14. Free Space Field Intensity. The field intensity that would exist at a point 
in the absence of waves reflected front the earth or other reflecting objects. 

15. Frequency Modulation ( FM ). A system of modulation where the instan¬ 
taneous radio frequency varies in proportion to the instantaneous amplitude of 
the modulating signal (amplitude of modulating signal to be measured after pre- 
emphasis, if used) and the instantaneous radio frequency is independent of the 
frequency of the modulating signal. 

H). Frequency Swing. The instantaneous departure of the frequency of tin* 
emitted wave from the center frequency resulting from modulation. 

17. Interlaced Scanning. A scanning process in which successively scanned 
lines are spaced an integral number of line widths, and in which the adjacent lines 
are scanned during successive cycles of the field frequency. 

18. Luminance. Luminous flux emitted, reflected, or transmitted per unit 
solid angle per unit projected area of the source. 

19. Monochrome Transmission. The transmission of television signals which 
can be reproduced in gradations of a single color only. 

20. Negative 1 ransmission. Where a decrease in initial light intensity causes 
an increase in the transmitted power. 

21. leak lower. The power over a radio frequency cvcle corresponding in 
amplitude to synchronizing peaks. 

22. Percentage Modulation. As applied to frequency modulation, the ratio « l 
the actual frequency swing to the frequency swing defined as 100 percent rnodul.. 
bon, expressed in percentage. For the aural transmitter of television broaden.-! 
stations, a frequency swing of ±25 kilocycles is defined as 100 percent modulation 

23. polarization. The direction of the electric field as radiated from the trans¬ 
mitting antenna. 

24. Reference Iilack Level. The level corresponding to the specified maximun. 
excursion of the luminance signal in the black direction. 

25. Reference White Level of the Luminance Signal. The level corresponding t • 
the specified maximum excursion of the luminance signal in the white d.rectum 

2b. Scanning. The process of analyzing successively, according to a prcdctci 

mined method, the light values of picture elements constituting the total pictuir 
area. 

27 . Scanning Line. A single continuous narrow strip of the picture area 

containing highlights, shadows, and lu.lf-tones, determined l,v the process of 
Manning. 

28. Standard Television Signal. A signal which eon forms to the tclcvidm. 
tranKrniMHion standards. 

™ %'* chroniz “ lion - The maintenance of one operation in step with a nut I c 

30. 7efemum Broadcast Band. The frequencies in the bund extending f.-m, 
54 to 890 megacycles u hid, are assignable to television broadcast stations. T - - 
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frequencies are 54 to 72 megacycles (channels 2 through 4), 76 to 88 megacycles 
(channels 5 and 6), 174 to 216 megacycles (channels 7 through 13), and 470 to 890 
megacycles (channels 14 through 84). 

31. Television Broadcast S ation. A station in the television broadcast band 
transmitting simultaneous visual and aural signals intended to be received by 
the general public. 

32. " Television Channel. A band of frequencies 6 megacycles wide in the tele¬ 
vision broadcast band and designated either by number or by the extreme lower 
and upper frequencies. 

33. Television Transmission Standards. The standards which determine the 
characteristics of a television signal as radiated by a television broadcast station. 

34. Television Transmitter. The radio transmitter or transmitters for the 
transmission of both visual and aural signals. 

35. Vestigial Sideband Transmission. A system of transmission wherein one 
of the generated sidebands is partially attenuated at the transmitter and radiated 
only in part. 

36. Visual Carrier Frequency. The frequency of the carrier which is modulated 
by the picture information. 

37. Visual Transmitter. The radio equipment for the transmission of the 
visual signal only. 

38. Visual Transmitter Power. The peak power output when transmitting a 
standard television signal. 

EL. Transmission Standards 

1. The width of the television broadcast channel shall be six megacycles per 
second. 

2. The visual carrier frequency shall l>e nominally 1.25 me above the lower 
boundary of the channel. 

3. The aural center frequency shall be 4.5 me higher than the visual carrier 
frequency. 

4. The visual transmission amplitude characteristic shall be in accordance 
with Fig. 12-16. 

5. The chrominance subcarrier frequency shall be 3.579545 me ± 10 cycles 
per second with a maximum rate of change not to exceed one tenth cycle per 
second. 

6. For monochrome and color transmissions the number of scanning lines per 
frame shall be 525, interlaced two to one in successive fields. The horizontal 
scanning frequency shall be ? 4 55 times the chrominance subcarrier frequency; 
this corresponds nominally to 15,750 cycles per second (with an actual value of 
15,734.264 ± .044 cycles per second). The vertical scanning frequency is 
times the horizontal scanning frequency; this corresponds nominally to 60 cycles 
per second (the actual value is 59.94 cycles per second). For monochrome trans¬ 
missions only, the nominal values of line and field frequencies may be used. 

7. The aspect ratio of the transmitted television picture shall be 4 units hori¬ 
zontally to 3 units vertically. 

S. During active scanning intervals, the scene shall be scanned from left to 
right horizontally and from top to bottom vertically, at uniform velocities. 

9. A carrier shall be modulated within a.single television channel for both pic- 
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ture and synchronizing signals. For monochrome transmission, the two signals 
comprise different modulation ranges in amplitude. (See Figs. 12-11, 12-13. 
and 12-14.) For color transmission, the two signals comprise different modula¬ 
tion ranges in amplitude except where the chrominance signal penetrates the 
synchronizing region and the hurst penetrates the picture region. 

10. A decrease in initial light intensity shall cause an increase in radiated 
power (negative transmission). 

11. The reference black level shall he represented by a definite carrier level, 
independent of light and shade in the picture. 

12. The blanking level shall be transmitted at 75 ± 2.5 per cent ol the peak 
carrier level. 

13. The reference white level of the luminance signal shall be 12.5 ± 2.5 per 
cent of the peak carrier level. 

14. The signals radiated shall have horizontal polarization. 

15. An effective radiated power of the aural transmitter not less than 50 per 
cent nor more than 70 per cent of the peak radiated power of the visual trans¬ 
mitter shall be employed. 

16. The peak-to-peak variation of transmitter output within one frame of 
video signal due to all causes, including hum, noise, and low-frequency response, 
measured at both scanning synchronizing peak and blanking level, shall not 
exceed 5 per cent of the average scanning synchronizing peak signal amplitude 1 

17. The reference black level shall be separated from the blanking level by the 
setup interval, which shall be 7.5 ± 2.5 per cent of the video range from blanking 
level to the reference white level. 

18. For monochrome transmission, the transmitter output shall va.y in sub¬ 
stantially inverse logarithmic relation to the brightness of the subject No 
tolerances are set at this time.' 

19. The color picture signal shall correspond to a luminance component trans¬ 
mitted as amplitude modulation of the picture carrier and a simultaneous pair 
of chrominance components transmitted as the amplitude modulation sidebands 
of a pair of suppressed subcarriers in quadrature. 

20. Equation of complete color signal 

(i) The color picture signal has the following composition: 


where 


Eu — Ky + E q sin (cut + 33°) + E', cos (u>/ + 33") 

E' q = 0.41 (F; - Ey) + 0.48(F; - Ey) 

E\ = —0.27 (E'„ - E'y) + 0.74(A ,, „ - E \) 

E\ = 0.30 A’* + 0.59 E' G + 0.11 E\, 

For color-difference frequencies below 500 kc (see iii below), the signal ran bo 
represented by: 



E'y + 


( 1 

1 

1 

| 1.14 

FTh 81,1 0,1 + - 

E'y ) rt IS t ot | 


1 'I hese items are subject to change but are considered tin- best practice under the 
present state of the art. I hey will not be cnfoiced pending a further deter inflation 
thereof. 
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(ii) The symbols in (i) have the following significance: 

Em is the total video voltage, corresponding to the scanning of a particular pic¬ 
ture element, applied to the modulator of the picture transmitter. 

E y is the gamma-corrected voltage of the monochrome (black-and-white) por¬ 
tion of the color picture signal, corresponding to the given picture element. 1 

Eq and E'i are the amplitudes of two orthogonal components of the chrominance 
signal corresponding respectively to narrowband and wide-band axes. 

E' r , E^j, and E' b are the gamma-corrected voltages corresponding to red, green, 
and blue signals during the scanning of the given picture element. 

(a is the angular frequency and is 27 t times the frequency of the chrominance 
subcarrier. 

The portion of each expression between brackets in (i) represents the chromi¬ 
nance subcarrier signal which carries the chrominance information. 

The phase references in the Em equation in (i) is the phase of the reference buret 
4- 180°. The burst corresponds to amplitude modulation of a continuous sine 
wave. 

(iii) The equivalent bandwidth assigned prior to modulation to the color differ¬ 
ence signals E q and/ E are as follows: 

Q-channel bandwidth 
at 400 kc less than 2 db down 
at 500 kc less than 6 db down 
at 600 kc at least 6 db down 
/-channel bandwidth 
at 1.3 me less than 2 db down 
at 3.6 me at least 20 db down 

(iv) The gamma corrected voltages E' Ri E' g , and E' b are suitable for a color pic¬ 
ture tube having primary colors with the following chromaticities in the CIE sys¬ 
tem of specification: 



X 

y 

Red (R). 

0.67 

0.33 

Green (G). 

0.21 

0.71 

Blue (B). 

0.14 

o.os 


and having a transfer gradient (gamma exponent) of 2.2 5 associated with each 
primary color. The voltages E' r , E' 0 , and E' b may be respectively of the form 
En l/y , E G Wy , and E B Uy although other forms may be used with advances in the 
state of the art. 

1 Forming of the high frequency portion of the monochrome signal in a different 
manner is permissible and may in fact be desirable in order to improve the sharpness 
on saturated colors. 

* At the present state of the art it is considered inadvisable to set a tolerance on the 
value of gamma. Correspondingly this- portion of the specification will not be enforced. 
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v) The radiated chrominance subcarrier shall vanish on the reference white of 
me scene. 1 

(vi) E y , E Qf E, and the components of these signals shall match each other in 
time to 0.05 psecs. 

(vii) The angles of the subcarrier measured with respect to the burst phase, 
when reproducing saturated primaries and their complements at 75 per cent of 
full amplitude, shall be within ± 10° and their amplitudes shall be within ±20 per 
cent of the values specified above. The ratios of the measured amplitudes of the 
subcarrier to the luminance signal for the same saturated primaries and their 
complements shall fall between the limits of 0.8 and 1.2 of the values specified 
for their ratios. Closer tolerances may prove to be practicable and desirable with 
advance in the art. 

IU. Transmitter and Associated Equipment 

1. Visual Transmitter. 

a. For monochrome transmission only, the over-all attenuation characteristics 
of the transmitter, measured in the antenna transmission line after the vestigial 
sideband filter (if used), shall not be greeter than the following amounts below the 
ideal demodulated curve. 


2 db at 0.5 me 

2 db at 1.25 me 

3 db at 2 0 me 

0 db at 3 0 me 

12 db at 3 5 me 

The curve shall be substantially smooth between these specified points, exclusive 
of the region from 0.75 to 1.25 mc. ? 

6. For color transmission, the standard given by (a) applies except as modified 
by the following: A sine wave of 3.58 me introduced at those terminals of the 
transmitter which are normally fed the composite color picture signal shall pro¬ 
duce a radiated signal having an amplitude (as measured with a diode on the 
R.F. transmission line supplying power to the antenna), which is down (i ± 2 db 
with respect to a signal produced by a sine wave of 200 kc. In addition, the 
amplitude of the signal shall not vary by more than ±2 db between the modulat¬ 
ing frequencies of 2.1 and 4.18 me. 

c. The field strength or voltage of the lower sideband, as radiated or dissipated 
and measured as described in subparagraph ( d ) of this paragraph, shall not be 
greater than —20 db for a modulating frequency of 1.25 me or greater and in 
addition, for color, shall not be greater than -42 db for a modulating frequence 
of 3.579545 me (the color Bubcarrier frequency). For both monochrome and 
color, the field strength or voltage of the upper sideband as radiated or dissipated 

1 The numerical values of the signal specification assume that this condition will In* 
reproduced as CIE Illuminant C (x ■= 0.310, y - 0.316). 

Output measurement shall be made with the transmitter operating into a dummy 
load of pure resistance and the demodulated voltage measured across this load. 
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and measured as described in subparagraph ( d) of this paragraph shalLnot be 
greater than —20 db for a modulating frequency of 4.75 me or greater. 1 * 1 

d. The attenuation characteristics of a visual transmitter shall be measured 
by application of a modulating signal to the transmitter input terminals in place 
of the normal composite signal composed of a synchronizing signal* to establish 
peak output voltage plus a variable frequency sine wave voltage occupying the 
interval between synchronizing pulses. The axis of the sine wave in the com¬ 
posite signal observed in the output monitor shall be maintained at an amplitude 0.5 
of the voltage at synchronizing peaks. The amplitude of the sine wave input 
shall be held at a constant value. This constant value should be such that at no 
modulating frequency does the maximum excursion of the sine wave, observed in 
the composite output signal monitor, exceed the value 0.75 of peak output voltage. 
The amplitude of the 200 kilocycle sideband shall be measured and designated 
zero db as a basis for comparison. The modulation signal frequency shall then 
be varied over the desired range and the field strength or signal voltage of the 
corresponding sidebands measured. As an alternate method of measuring, in 
those cases in which the automatic d-c insertion can be replaced by manual con¬ 
trol, the above characteristic may be taken by the use of a video sweep generator 
and without the use of pedestal synchronizing pulses. The d-c level shall be set 
for midcharacteristic operation. 

e. A sine wave, introduced at those terminals of the transmitter which are 
normally fed the composite color picture signal, shall produce a radiated signal 
having an envelope delay, relative to the average envelope delay between 0.05 
and 0.20 me, of zero microseconds up to a frequency of 3.0 me and then linearly 
decreasing to 4.18 me so as to be equal to —0.17 /isecs at 3.58 me. The tolerance 
on the envelope delay shall be ±0.05 /isecs at 3.58 me. The tolerance shall 
increase linearly to ±0.1 psec, down to 2.1 me, and remain at ±0.1 psec down to 
0.2 me. 4 The tolerance shall also increase linearly to ±0.1 /nsec at 4.18 me. 

/. The radio frequency signal, as radiated shall have an envelope as would be 
produced by a modulating signal in conformity with Fig. 12-14, as modified by 
vestigial sideband operation specified in Fig. 12-16. 

g. The time interval between the leading edges of successive horizontal pulses 
shall vary less than one half of one percent of the average interval. However, 
for color transmissions, Secs. II-5 and II-6 shall be controlling. 

h. The rate of change of the frequency of recurrence of the leading edges of the 
horizontal synchronizing signals shall be not greater than 0.15 per cent per second, 
the frequency to be determined by an averaging process carried out over a period 
of not less than 20, nor more than 100 lines, such lines not to include any portion 

1 Field strength measurements are desired. It is anticipated that those may not 
yield data which are consistent enough to prove compliance with the attenuation 
standards prescribed above. In that case, measurements with a dummy load of pure 
resistance, together with data on the antenna characteristics, shall be taken in place 
of over-all field measurement?-. 

•Television stations shall have until July 1, 1954 for compliance with the require¬ 
ments of this subparagraph with respect to attenuation of the upper sidehands. 

•The “synchronizing signal” referred to in this section means either a standard 
synchronizing wave form or any pulse that will properly sot the peak. 

* Tolerances for the interval of 0.0 to 0.2 me are not specified at the present time. 
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of the blanking interval. However, for color transmissions, Secs. 11-5 and 11-6 
shall be controlling. 

1. Sufficient monitoring equipment shall be employed to determine whethei 
the visual signal complies with the requirements of this subpart. 

j. For color transmission the transfer characteristic (that is the relationship 
between the transmitter r-f output and video signal input) shall be substan¬ 
tially linear between the reference black and reference white levels. 

2. Requirements Applicable to Both Visual and Aural Transmitters. 

a. Automatic means shall be provided in the visual transmitter to maintain 
the carrier frequency within one kilocycle of the authorized frequency; automatic 
means shall be provided in the aural transmitter to maintain the carrier frequency 
within four kilocycles of the assigned aural earner frequency or, alternatively, 
4.5 megacycles above the actual visual carrier frequency within five kilocycles. 
For color transmission the aural carrier shall be maintained 4.5 megacycles above 
the visual carrier within ± 1 kilocycle. 
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Accelerating potential, 397-398 
Aiken, C. B., 244 n. 

Aluminized phosphor, 138 
Amplifier tube, capacitances, 158, 100 
e<|uivalcnt circuit, 155-157 
noise sources, 117-118 
pentode characteristics, 100-Mil 
triodc characteristics, 155 
(See also Vacuum tubes) 

Amplifiers, adding, 843 
balanced, 374 

capacitance loading, 375-378 
cascode, 298-299 
cathode-coupled, 290-298 
cathode degeneration, 283-2X4 
cathode-follower, 285-287 
clipping, 330-339 
deflection, in receiver, 588 591 
difference, 340-341 
for electrostatic deflection, 374 
equivalent circuits, 158, 102, 287-289 
feedback (see Feedback amplifiers) 
frequency response, definition, 154 
gain, definitions, 164 
grounded-grid (see Grounded-grid 
amplifier) 

h-f compensation (see Video amplifiers) 
input admittance, 287-292 
limiting, 330-339 
linearity, 154 

l-f compensation (see Video amplifiers) 
for magnetic deflection, 385-397 
push-pull, 374 

radio-frequency (see It-f amplifiers) 
resistance-coupled, 157-100 
equivalent circuit, 158, 102 
high-frequency compensation, 103- 
190 

low-frcquency compensation, 194- 
197 

universal amplification curve, 159 
sweep (see Scanning circuits) 
transient response, definition, 154 
video (see Video amplifiers) 

Amplitude modulation, 258-276 
detection of a-m wave, 269-200 
displaced carrier, 201-208 


Amplitude modulation, partial sideband 
suppression, 201-205 
single-sideband transmission, 200-201 
transient response, 208-275 
vestigial-sideband transmission, 205- 
207 

Amplitude spectrum, 201 
Antenna, batwing, 541-542 
dipole, 535=-538 

effective area, definition, 551 552 
general properties, 535 
helical, 544-545 
slotted-cylinder, 543-544 
slotted-sheet, 539-541 
stacked-V, 550 

superturnstile (bathing), 541-542 
turnstile, 538-539 
for uhf reception, corner reflector, 
550-557 

rhombic, 550, 558 
stacked-V, 550 
triangular dipole, 555-550 
yagi, 559 

for vhf reception, conical, 555 
fan, 555 

folded dipole, 552-554 
with reflector, 553 
V, 553-554 
Antenna noise, 500 
Aperture correction, 484, 495-497 
Aperture effects, in pickup tubes, 12 4 
in scanning process, 39-40 
in vision, 10 

Aperture scanning with electron images, 

109-110 

•Aspect ratio, 10 
Astigmatism, 09 
Audio amplifier, 581 
Audio system, 581-583 
Automatic frequency control, 445 
frequency-control circuits, 439-445, 
402-405 

automatic (ufc), 585-588 
Automatic gain control, 412 
age circuits, 588, 590-594 
Available gain, definition, 501 
Available power, definition, 500-501 
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Bachman, C. H., 135n. 

Back lighting, iconoscope, 95 
Baily, D. K., 546n. 

Baker, W. R. G., 267 n. 

Bakker, C. J., 349n. 

Baldwin, M. W., 13n. 

Ballard, D. C., 153n. 

Baiun, 531-532 
Bandpass networks, 252-256 
(See also R-f amplifiers) 

Bandwidth, for horizontal resolution 
requirement, 29 
noise, 561-562 

r-f, for modulated signal, 259-267 
Barnes, G. A., 207n., 2l4n. 

Barnes, J. L., 619n. 

Batwing (superturnstile) antenna, 541- 
542 

Baumann, E., 143n. 

Beam current, 94, 112, 121, 123 
Beam-current control, 65 
Bedford, A. V., 27n., 49n., 436n., 450n., 
476n. 

Beers, G. L., 476n. 

Bell, J. M., 531n. 

Bell, R. L., 349n. 

Bennett, J. R., 52Gn., 53In., 534n. 
Bentley, A. Y., 70n. 

Bias, F. J., 530n. 

Binary counters, 437-439 

(See also Synchronizing signal 
generators) 

Blanking signal, composite, 460- 462 
horizontal retrace, 588 
insertion into camera signal, 491-494 
Blocking oscillator, 431-433 
in sweep circuits, 587 
in synchronizing signal generators, 464 
Blondel, A., 1 In. 

Boast, W. B., 617n. 

Bode, II. W., 2l4n., 301n. 

Boden, E. H., 573n. 

Bond, D. S., 148n. 

Booker, H. G., 546n. 

Boothroyd, W. I*., 573n. 

Bootstrap saw-tooth generator, 380 
Bowie, R. N., 135n. 

Brightness, definition, 14-15, 617-618 
scene, 13 

Brightness-transfer characteristic, of 
cathode-ray tube, 133, 141-142 
of video system, 41 

Broadcast standards, color-system char¬ 
acteristics, 279-280 
FCC regulations, 622-629 
intercarrier sound, 280-281 
picture and sound channel, 278-279 
Brown, G. H., 534n. 


Brown, J. H., 548 
Brown, W., 450n. 

Bullington, K., 546n. 

Burst, color subcarrier, 410 
Bush, V., 206n. 

Cable, coaxial, 351, 360-361 
Camera, television, 467 

electronic view finder, 467, 472 
film equipment, 476-478 
flying spot, 477-480 
high-voltage supplies, 470 
iconoscope, 475-477 
image orthicon, 467 
vidicon, 477 

Camera chains, 468-469 
Camera-control equipment, 491-497 
Camera equipment for television (see 
Pickup equipment for television) 
Camera signal, video preamplifier for 
(aee Video amplifier) 

Camera tubes (see Pickup tubes) 
Carnahan, C. W., I35n. 
Carrier-difference sound reception, 280- 
281, 549 

Cascode amplifier, 298-299 
Cascode tuner, 569 
Cathode-coupled amplifier, 296-298 
Cathode-coupled multivibrator, 427-428 
Cathode follower, 285-287 
Cathode luminescence, 125-128 
Cathode-ray tube, accelerating poten¬ 
tial, 397-398, 470 
aluminized phosphor, 138 
brightness-transfer characteristic, 141— 
142 

cylindrical faceplate, 141 
electrostatic, 131 
characteristics, 133 
electron gun, 130 
postacceleration, 131-132 
direct-view picture tubes, 139-142 
ion bombardment, 135 
aluminizing, 139 
elimination from beam, 135-136 
ion-trap electron gun, 136-137 
magnetic-deflection type, deflection 
characteristics, 133-134 
focusing, 134 
electron, 64-74 
metal cone, 140 

phosphor characteristics, 125-126 
luminescence, 125-128 
persistence, 126-128 
sticking potential, 129-130, 138 
postacceleration, 131-132 
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Cathode-ray tube, projection tubes, 

Eidiphor theater system, 143-145 
Schmidt optical system, 142-143 
three-color systems, 145-140 
reflections at screen, 137 
tricolor tubes, 146-152 
Cavity resonators, 370-371 
Chalberg, H. \V. A., 573/1. 

Channel allocations, 021 
Channel capacity, effective utilization, 
43-48 

Characteristic impedance, 352 
Christaldi, 1-. S., 132n. 

Christensen, W., 279n. 

Chromaticit, diagram, 20-22 
Chromaticity information, bandwidth 
requirements, 49 
reproduction of, 8 
three-color system, 7-8 
transmission of, 7 
(See also specific color entries) 
Churchill, It. V., 207n. 

Clamp circuits, bidirectional, 327-328 
in camera-control equipment, 491-493 
in scanning generators, 372-373, 383- 
384 

Clamps, keyed, comparison with d-c 
restorer, 32*3-324 

in frequency-control circuits, 441- 
442 

in NTSC color signal, 505 
unidirectional, 324, 327 
in video amplifiers, 334-330 
Clipping circuits, 402 
in camera-control equipment, 491- 
493 

in receiver-synchronizing circuits, 
581-584, 590-591 
Coaxial cable, 351, 300-301 
Cobb, p. W., 1 In. 

Coding in band-shared color systems, 
60-62, 497-499 
t^ohen, R. M., 507n., 509n 
Color characteristics, brightness, 14-15 
saturation (purity), 14 
spcctrophotometric curve, 15-10 
Color decoding in band-shared system, 
58-59, 595 598 
Color matching, 10-17 
Color primaries, 17-19 
, fo >* broadcast system, 413 
Color reproduction, 8, 597-598 

(See aIso Cathode-ray tube) 

Color signal, coding for NTSC system, 
497-500 

decoding, 595-598 
maximum amplitudes in standard 
broadcast signal, 412-410 
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Color-signal processing, clamping prob¬ 
lem, 505 

y correction, 500-503 
multiplying circuits, 503-505 
NTSC system, 497-500 
phase* requirements, 505-500 
subcarrier modulation, 503-505 
Color specifications, chromaticity dia¬ 
gram, 20-22 

trichromatic coefficients, 20 
tristimulus values, 18-19 
A”, Y, and Z primaries, 19-23 
Color-subcarricr frequency, 413 
Color-subcarrier generator, 465-400 
Color-subcarricr synchronization, 599 
Color-system characteristics, 279- 280 
Color-transmission systems, classifica¬ 
tions, 49 

dot-sequential, 51-52 
fielu-sequential, 50-51, 279 
frequency-interlace, 50-02 
line-sequential, 50-51 
mixed-highs, 49, 53-65 
simultaneous band-shared, 50-02 
color-difference signals, 58-02 
constunt-luimnanee principle, 00 
optimizing, 00-02 
Color triangle, 20-22 
Color-vision characteristics, 12-15, 49 
Colorimetry, 18 
Compatibility, 279 
Composite synchronizing signal, 408 
Composite video signal, 411 
Conical untenna, 555 
Conner, J. I*., 1 In. 

Contrast range, eye, 13 
Contrast ratio, definition, 11 
Conversion trunsconductancc, 500 
Coupled circuits, 239-241 
Crawl, 49 

Crosby, H. M., 529n., 53In., 534n. 
Crossover point in electron guns, 07 
Crystal filter, 599 
Crystal oscillator, 405, 515-510 

Danforth, D., 108n. 

D-c component in video signal, 314-315 
D-c restorer analysis, 320-323 
Decoding of color information, 58 59, 
595-598 

Deflection, electrostatic, 75-70, 131- 
132, 373-381 
magnetic, 133 

Deflection amplifier* in receiver, 588 591 
(See also Scanning circuits) 

Delay lines, synchronizing signal gen¬ 
erators, 451 
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Demodulators, color-signal, 58-59, 595- 
598 

Detectors, a-m, 259-260 
f-m aural, 581 
ratio, 581 
video, 578-581 
Deviation ratio, f-m, 276 
DeVore, H. B., 102n. 

Difference amplifier, 340-341 
Differential gain, 506 
Differential phase, 506 
Differentiating circuit, 403 
Diode characteristics, germanium, 338- 
339 

vacuum, 320 
Diode damper, 391-394 
Diplexer, 533-534 
Dipole, folded, 552-554 
half-wave, 535-538 
Directivity, 535 
Dishal, M., 244n. 

Disk-seal tubes, 292-293, 522-523, 567 
Dome, R. B., 280a. 

Dot interlacing, 48, 51 
Dot-sequential system, 51-56 
Double-balanced modulator, 503-505 
Double-tuned amplifiers (see R-f 
amplifiers) 

Dougherty, R. E., 213a. 

Downes, L. C., 477a. 

Downie, J. W., 518n. 

Effective area of antenna, definition, 
551-552 

Eidiphor projection system, 143-145 
Electron ballistics, 63-85 
Electron beam, acceleration, 65-66 
deflection, 74 

in combined fields, 78-85 
electrostatic, 75-76 
magnetic, 76-78 
(See also Deflection) 
random noise in, 112 
scattering, 106-108 
(See also Cathode-ray tube) 
Electron-beam scanning in pickup 
tubes, iconoscope, 89 
image orthicon, 99-101 
isocon, 106-108 
orthicon, 96-97 
of photoelectric surfaces, 88 
(See ai-io Scanning) 

Electron focusing, 64-74 
Electron gun, 64-74 
electrostatic lens, 65-70 
limiting apertures, 69 
magnetic lens, 70-74 
(See also Cathode-ray tube) 


Electron motion in electric imd magnetic 
fields, 63-64 

Electron multipliers, 88, 102, 477 
noise, 113 

Electron optics, 63-64 
Electronic view finder, 467, 472 
Electrostatic deflection, 75-76, 131- 
132 

circuits for, 373-381 
(See also Cathode-ray tubes) 
Electrostatic focusing, 65-70 
Emission, secondary, 88 
Emitron, 96 
Engstrom, E. W., 476a. 

Epstein, D. W., 138a., 142a., 263n. 
Epstein, J., 544n., 548n. 

Equal-energy white, 14 
Equalizing pulses, 407 
Equivalent circuits of amplifiers, 115 
Equivalent-noise resistance, 115 
Ewing, L. M., 518a. 

Eye, brightness response, 13 
contrast range, 13 
flicker perception, 12 
resolving power, 9-11 
for color, 13 

storage characteristic, 11-12 
Weber-Fechncr law, 13 


Fabino, E. G., 531a. 

Fade and lap-dissolve circuits, 508 
Fan antenna, 555 
Fancher, H. B., 518a. 

Farnsworth, P. T., 109n. 

Faulkner, R. D., 140a. 

FCC regulations for television broad¬ 
casting, 622-629 

Feedback, general properties, 299-304 
Feedback amplifiers, 299-314 
with bilateral transmission, 304-308 
deflection-current amplifiers, 388-389, 
395 

as impedance-matching devices, 308- 
314 

Feedback saw-tooth generators, 378- 
381 

Feldt, R., 132n. 

Ferris, W. R., 291a., 349n. 

Field frequency, scanning, 30 
Field-sequential color system, 50-51, 
279 

Fiet, O. O., 543n. 

Figure of merit, 162, 230 
Film camera, 473—480 
Film projectors, 476-477 
Filters, bandpass (see R-f amplifiers) 
f-m sound carrier, 581 
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Filters, trap circuits, 254-256 
vestigial-sideband, 534 
Fink, D. G., 267n., 278/t., 399a. 
Fisher, J. F., 480n. 

Flicker, 12 

Flory, L. E., 89n., 96n. 

Fluorescence, 126 

Flying-spot scanner, 3-4, 477, 480-481 
Focusing, electromagnetic, 70-74 
electrostatic, 65-70 
permanent magnet, 74 
Folded dipole, 552-554 
Foot-candle, definition, 617 
Foot-lambert, definition, 618 
Forgue, S. V., 108n., 152n. 

Fourier integral, 201 
Fourier series, 199-200 
Fourier transform, 200-205 
Fredendall, G. L., 27a., 264//., 274//. 
Freedman, N. S., 153a. 

Frequency analysis of picture signal, 
36-39 

Frequency control circuits (see 
Automatic frequency control) 
Frequency dividing circuits, 433-439 
(See also Synchronizing signal 
generator) 

Frequency-interlace techniques, 44 
Frequency modulation, 275-278 
f-in detector, 582-583 
Frequency multipliers, 515-516 
Friend, A. W., 153a. 

Friis, H. T., 536a., 551a., 500a. 


Gadsden, C. i\, 299a. 

Gain, amplifier, 154 
available, 561 
< differential, 506 

Gain-bandwidth product, 161-1(12 

Gain control, automatic (see Automat 
gain control) 

>-corrected color signal, 415 
y correction, 501-503 
Ganoung, It. E., ll n . 

Gardner, M. F., 207a., 214a., 019n. 
Gated age circuits, 592-594 
Germanium diode, 338-339 
Giacoletto, L. J., 567a. 

Gloystein, E. E., 498a. 

Goldberg, II., 560a. 

Goldman, 8., Ilia., 207a., 263a., 273/ 
Goldmark, I*. C\, 279a. 

Goodale, E. D., 274a. 

Goodrich, It. It., 108a. 

Gordon, W. K., 546a. 

Gralmm, It. E., 477n. 

Gray, 1-’. 


Grossbohlin, H. \\\, 70a. 
Grounded-grid amplifier, 293-296 
in receivers, 567-568, 572 
in transmitters, 521-523 
Gruen, W. J., 445a., 599a. 
Guillemin, E. A., 31a. 

Guy, R. F., 548a. 


Halation, 137 
Half-wave dipole, 535-538 
Half-wave line, 363 
Handel, R. It., 105a. 

Harris, W. A., 114//., 293//., 565a. 
Heaviside, O., 206 
Helical antenna, 544-545 
Herold, E. W., 146//.. 560a. 

Hickock, W. H., 89a. 

Heistand, N., 528a. 

High voltage for cathode-ray tubes, 

397-398 

Hoagland, K. A., 70a. 

Horizontal afe, 585-588 
Horizontal driving pulses, 461 -462 
Horizontal resolution, 28 
Horizontal scanning (see Scanning) 
Horizontal synchronization, 403, 585 588 
Horton, C. E., 567a. 

Hue, 14-15 
Hughes, W. L., 466a. 

Hurford, \V. A., 509a. 


lams, H., 70/-., 96a., 97a. 

Iconoscope, hack lighting, 95 
image, 96 
mosaic, 89 

secondary electrons, 93 
signal-to-noise ratio, 121-122 
spectral response, 94 
spurious signal, 95 
theory, 89-96 

Iconoscope camera, 473-476 
film, 473 

keystone correction, 474 475 
preamplifier, 485- 489 
shading signals, 476 
Illuminant C, 13 
Illumination, definition, 617 
Image analysis, 86-3!) 

Image dissector, 109-110 
Imago icoVioscope, 96 
Image isocon, 106-107 

Image orthicon, characteristics, typical. 
103-106 

description, 99-102 
performance, 102-103 

nignal-to-noise ratio, 
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Image orthicon eamera, color, 472-473 
monochrome, 470-472 
Impedance matching, with feedback, 
308-314 

with transmission-line stubs, 368 
Input admittance, coupled circuits, 240 
vacuum tubes, 287-292 
Integrating circuit, 403 

for sweep generators, 378-380 
Intensity of light source, definition, 617 
Intercarrier sound, 280-281, 549 
Interlace, dot, 47—48 
frequency, 44-46 
Interlaced scanning, 30 

timing relationships, 404-406 
Ion blemish, 135 

elimination by aluminizing, 139 
Ion trap, 136-137 

Janes, R. B., 89 n., 104a., 105»., 109n. 
Jensen, A. G., 477 n. 

Johnson, E. O., 555/t., 559n. 

Johnson, H., 567n. 

Johnson, R. E., 104n., 105n. 

Jordan, E. C., 537n. 

Judd, D. B., 22 

Keister, J. E., 518n. 

Kelar, J., 140n. 

Kell, R. D., 27n., 264n., 274n. 

Keller, E. G., 2l3n. 

Kennedy, R. C., 274 
Keyed age, 592-594 
Keyed clamp (sec Clamps) 

Keying circuits, 339-343, 439 
(See also Synchronizing signal 
generator) 

Keystone correction, 474 
Kinescope (see Cathode-ray tube, direct- 
view picture tubes) 

Klystron power amplifier, 526, 528-530 
Kolar, R. F., 555n. 

Koros, L. L., 526n. 

Krause, L. O., 544 
Krauss, J. D., 538n. 


Labus, J., 537n. 

Laplace transforms, in defleetion-cireuit 
analysis, 375-387, 389-393 
derivation from Fourier transform, 
208 

of derivatives and integrals, 209 
differential equations, 208-212 
excitation waveforms, 215-216 
network responses, 212-214, 217-219 


Laplace transforms, periodic functions, 
219-220 

rectangular-waveform analysis, 220- 

224 

table of , 619-620 
time^axis shifting, 214-215 
time-scale change, 214 
Lappin, L. S., 526n., 53 In., 534n. 
Lattimer, C. T., 140n. 

Law, H. B., 99n , I03n., 150n. 

Law, R. R., 137n., 150n. 

Leeds, L. M., 51 In. 

Lempert, I. E., 132n. 

Lens, electron, 63, 65-69 
Lenses, camera, 467 
LcPage, W. R., 199n., 203n., 351». 
Leverenz, H. W., 127n. 

Light-beam scanning, 3—4, 477, 480-481 
Limiters, amplifiers, 336-339 

in camera-control equipment, 491—493 
circuits, 402 

in receiver-synchronizing circuits, 
581-584, 590-591 

Line interlacing (see Interlaced scanning) 
Line-sequential color system, 50-51 
Linear scanning, 3, 25 

{See also Deflection amplifiers) 

Lloyd, C. G., 472/i. 

Loughren, A. V., 27a. 

Low-frequency compensation {see 
Video amplifiers) 

Low-level modulation, 516-518 
Low-velocity scanning, 96-99 
Luminance, 14 

{See also Brightness) 

Luminosity, definition, 618 
Luminosity function, definition, 15, 017 
graph, 15 

Luminous flux, definition, 618 


McGee, J. D., 90n., 99n. 

McLaughlin, K. M., 153n. 

Maenee, A. B., 299n. 

Magnetic deflection, 76-78 
Magnetic-deflection circuits (see 
Scanning circuits) 

Magnetic focusing, 70-74 
Maloff, I. G., 142n. 

Malter, L., 560n. 

Mattke, C. F., 477n. 

Mautner, L., 307n., 508n. 

Mertz, P., 38 
Milwitt, W., 450n. 

Minimum-phase-shift networks, 163 
maximally flat bandpass, 234, 247 
maximally flat low pass, 105, 170, 172 
Mixed highs in color systems, 49, 53-55 
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Mixer-amplifier circuits, 507-511 
Modulation, amplitude (see Amplitude 
modulation) 
definitions, 225, 257 
depth, 412 
factor, 259 

frequency (see Frequency modulation) 
high-level, 516-517 
index, 276 
low-level, 516-517 
polarity, 410-412 
Modulators, video, 518 
Monitors, picture (see Pickup equipment 
for television) 

Monoscope, 480-481 
Moodley, H. C., 153n. 

Moore, D. G., 148n. 

Moore, R. C., 104n. 

Morton, G. A., 89n., 96n. 

Mosaic surfaces, characteristics, 89 
high-velocity scanning, 89-96 
iconoscope, 89-96 
low-velocity scanning, 96-99 
Moss, F. K., 1 In. 

Motion pictures, televising of, 476-478 
Mulligan, J. H., Jr.; 307n. 

Multichannel video mixing, 507-511 
Multiplying circuits, 343 

in color subcarrier modulation, 5lto- 
505 

Multivibrators, 418 
astablc (free-running), 418-424 
synchronized, 424-425 
bistable (flip-flop), 429-430 
monostable (one-shot), 425-427 
cathode-coupled, 427-428 
in receiver sweep circuits, 590-591 
refinements, 430-431 
(See also Synchronizing signal 
generator) 

Murdock, C. E., 530n. 


National Television Systems Committee 
(NTSC), organization, 267n., 399 
NTSC color signal, 594-595 
Needs, W. A., 396n. 

Negative ion bombardment (see 
Cathode-ray tube) 

Negative transmission, 410, 412 
Networks, amplitude-phase relationship, 
214 

bandpass (see It-f amplifiers) 
idealized, flat amplitude-linear phase 
202-204 

Gaussian frequency characteristic, 
204-205 

♦ranaient response, 202-205 
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Networks, interstage, bandpass (see R-f 
amplifiers) 

low-pass ( see Video amplifiers) 
Laplace transforms of, 212-214 
low-pass-bandpass analogue, 253 
RC circuit, rectangular-waveform 
analysis, 220-224 
Xcuhausen, R. G.,- 471 a. 

Neutralization, receiver r-f stages, 567, 
569 

transmitter r-f stages, 521 
Xicoll, F. H., 148n. 

Noise, random, 110 

amplifier circuits, 343-350 
cascode stage, 347-348 
cathode follower, 344-345 
grounded-grid, 345-347 
induced grid noise, 349-350, 564- 
565 

uhf effects, 348-350 
amplifier tube, 114, 117-118 
antenna, 560 
atmospheric, 560 
bandwidth, 561-562 
camera tube and preamplifiers, 

485-J90 

in electron beam, 112 
equivalent noise resistance, 114 
comparison of tubes, 115 
immunization of receiver 

synchronizing to noise, 58l-§88 
mixer, 565-566 
photoemission, 112 
r-f input circuits, 562-565 
redistribution, 112 
resistor, 113-116 
scanning beam, 112 
secondary emission, 112, 113 
signal circuits, 485-490 
thermal, 113-114 

Noise bandwidth, definition, 561-562 
Noise figure, 560 
definition, 562 
of specific systems, 562-564 
Noise power, available, 561 
North, D. O., 292m, 349m 
Norton, K. A., 548n. 

Nyquist, H., 11 In., 301n. 

Obert, M. J., 396n, 

Orthicon, 96-99 

image (see Image orthicon) 
signul-to-noise-ratio, 122 
Oscillators, blocking, 431-433 
claas-C sinusoidul, 587-588 
crystal, 465, 515-516 
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Overshoot in step-function response, 204 
(See also Transient response) 

Pan, W. Y., 567n. 

Peak rectifier, 259-2(50, 397-398 
Peaking, high-frequency (see Video 
amplifiers) 

Pedestals, blanking, 314-310 
Pensak, L., 138n. 

Permanent magnet focusing, 74 
Peterson, D. W., 544u., 548n. 

Phase, differential, 500 
Phase-amplitude characteristics of 
network, 214 

Phase characteristics of networks (see 
Video amplifiers) 

Phase-correcting networks, 188-191 
Phase detectors, 441-445 

(See also Receivers, synchronizing 
circuits) 

Phosphor decay, correction for, 490 
Phosphors, cathode-ray tube, 125-128 
for flying-spot scanners, 479-480 
spectral response, 127 
table of characteristics, 120 
(See also Cathode-ray tube) 
Photocathode, 88 

Photoconductive pickup tubes, 108-109 
Photoelectric effects, 80-88 
Photoemission multipliers (see Electron 
multipliers) 

Photometric quantities, definitions, 
617-018 

Pickup devices, scanning of, 3 
Pickup equipment for television, 407-513 
camera (see Camera, television) 
camera-control unit, 491—497 
color (see Color-signal processing) 
regulated power supplies, 511-513 
special-effects circuits, 508-509 
synchronization between program 
sources, 511 

(See also Video-signal processing) 
Pickup tubes, 80 
CPS-emitron, 99 
emitrou, 90 

flying-spot scanner, 477-480 
iconoscope, 89-90 
' (See also Iconoscope) 
image iconoscope, 90 
4mage orthieon, 99-100 
{See also Image orthieon) 
orthieon, 90-99 

signal multiplier iconoscope, 96 
vidicon, 108r-109 
(See also Vidicon) 

Picture i-f circuits, 577-578 


Pierce, J. R., 13In. 

Plate modulation, 518 
Poch, W. J., 263n. 

Polarization, 535 

Portable camera equipment, 468-469 
Positive transmission, 419-412 
Postacceleration, 131-132 
Power amplifier tubes, klystron, 526, 
528-530 

tetrodes, 293-294, 524, 520 
triodes, 523 

Power amplifiers (see R-f amplifiers, 
power) 

Power supplies, high-voltage, 397-398 
regulated, 511-513 
Powers, D. YV., 293n., 525 n. 

Preamplifier, camera video, 470, 485-491 
Preist, D. 1L, 525n., 530n. 

Preston, G. N., 445n. 

Projection systems, color receiver, 145-140 
Eidiphor, 143-145 
Schmidt optics, 142-143 
Projection tubes (see Cathode-ray tube) 
Projectors, motion-picture, 477 
Primary colors, 17-19, 413 
Propagation, 545-548 
Pulses, synchronizing (see Synchronizing 
signal generator) 

Purity, 21 

Q, of cavities, 371 

horizontal deflection system, 391-392 

of lines, 304 

tuned circuits, 226-228 


Radiation patterns, 536, 538, 553, 556 
Radiation resistance, 535 
Radio, Electronic, and Television 
Manufacturers’ Association 
(RETMA), 399 

R-f amplifier tubes (see Vacuum tubes) 
R-f amplifiers, 225 

coupled circuits, 239-241 
double-tuned, 241-251 
cascaded, 251-252 
low noise, 509-571 
other interstage networks, 252-254 
power, klystron, 526, 528-530 

lumped-circuit constants, 519-522 
resonant-cavity tuning, 523-530 
transmission-line tuning, 522 
for receivers, 500, 562-564, 566-577 
single-tuned, 225-231 
cascaded, 233-238 
maximum-bandwidth theorem, 
232-233 
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H-f amplifiers, stagger-tuned, 233-238 
transient response, 268-275 
trap circuits, 254-256 
R-f transmission lines, 361-362, 530. 550 
Ramo, Simon, 369n. 

Random noise (see Noise) 

Ratio-detector, 581 
Reactance tube, 587-588 
Receivers, 549 
age circuits, 588, 590-594 
audio system, 581-583 
block diagram, 550 
color reproduction, 597-599 
color-signal decoding, 595-593 
color-subcarrier synchronization, 599 
deflection amplifiers, 588-591 
detectors, 578-579, 581 
general characteristics, 549-550 
input circuit noise (see Noise) 
intercarrier sound, 280-281, 549 
i-f amplifiers, 577-578 
NTSC color signal, 594-595 
synchronizing circuits, horizontal, 
585-588 


noise immunization, 581-584 
synchronizing-video separators 
581-585 
vertical, 588 
sweep circuits, 588 

(See also Scanning circuits) 
uhf tuners, 573-577 
vhf. tuners, 567-573 
video amplifiers, 578, 581-583 
Receiving antennus, 551-561 
(See also Antennas) 

Reciprocity, 178 

Rectangular waveform analysis, 220 - 
224 


applied to video signals, 315-319 
Reeves, J. J., 279n. 

Re flectio n-type color tubes, 151-152 

V ft • power supplies, 511-513 
Reid, J. D., 578a. 

Relaxation oscillators, 417-433 
as frequency dividers, 434-439 
Resolving power of eye, 9 -n 
Resonant cavities, 370-371 
in transmitters, 623-630 
Restorer, d-c, 320-323 
R«y, J., 1 In. 

Rheaume, R. H., 523n. 

Rhombic antenna, 550, 558 
Richinan, D., 445n. 

J}? 8 ®' £*’w " ' 97n -' 103n., 108n 

K°»c, G. M, 293n., 507n. 

Rotow, A. A., 47ln. 

Rynn, N., 151n. 


Salinger, H. A., 534n. 

Sampling techniques, in color systems, 
51-53 

in monochrome systems, 47-48 
Saturation, color, 14 
Saw-tooth current generator, 381-397 
Saw-tooth voltage generator. 372 381 
Saycr, W. II., 53In. 

Scanner, flying-spot, 477-480 
Scanning, aperture effects, 39-40 
electron-beam (see Electron-beam 
scanning in pickup tubes) 
general theory, 36-41 
geometrical considerations, 24-25 
interlaced, 30, 404-406 
light-beam, 4 

(See also Flying-spot scanner) 
linear, number of lines, 20-28 
methods, 24-25 
Scanning beam, noise in, 112 
Scanning circuits, 372 

high-efficiency, for horizontal sweep, 

389-397 

saw-tooth current generators, 381-397 
saw-tooth voltage generators, 372-381 
Scanning spot (see Electron-beam 
scanning in pickup tubes) 

Schade, O. II., 12a., 39»i., 396a. 
SchelkunofI, S. A., 536a., 551a. 

Schmidt optical system, 142-143 
Schoen field, IC., 450a. 

Schroeder, A. Cl., 590a. 

Secondary emission, 88 
in iconoscopes, 90-94 
multipliers (see Electron multipliers) 
noise, 112, 113 

Seely, S., 199a., 203a., 260a., 275a., 351a.. 
519a. 

Sequential color systems, 50-52, 279 
Senes peaking, 169-170 
Series-shunt peaking, 170-173 

Shot noise (see Noise) 

Shunt peaking, 164-168 
Sideband filters, 534 
Siegal, E., 537a. 

Signal mixing, 439 
Signal-multiplier iconoscope, 96 
Signal-to-noise ratio, camera 
preamplifiers, 486, 490 
definition, 111 
pickup tubes, 120-123 
Sinclair, G., 543a. 

Sine-integral function, 204 
• . transmission, 260 261 

Single-tuned amplifiers (see R-f 
amplifiers) 

Slotted-cylinder antenna, 543-544 
Slottcd-shect antenna, 539-541 
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Smith, J. P., 436n., 450n. 

Smith, P. T., 525n. 

Smith, R. W., 108n. 

Snell’s law, 67 
Soria, R; M., 360 

Sound reception, intercarrier, 280-281, 
549 

separate, 280 

Space-wave propagation, 540-548 
Spangenberg, K. R., 63n., 74n., 291n., 
293n. 

Sponable, E. I., 143rt. 

Spectral distribution, standard source 
C, 13-14 
sunlight, 13-14 
Spot size, 92-124 
Stacked-V antenna, 556 
Stagger tuning, 233-238 
Standard source C (illuminant C), 13 
Standards, television broadcast, 407-416 
FCC rules and regulations, 622-629 
Steier, H. P., 140n. 

Sticking potential, 129-130 
Stone, R. F., 530n. 

Storage principle, 88 
Strutt, M. J. O., 290n., 350n. 
Superemitron, 96 
Superturnstile antenna, 541-542 
Sutro, P. J., 53In. 

Sweep amplifiers (see Scanning circuits) 
Synchronizing circuits for receivers, 
581-588 

Synchronizing information, methods of 
transmission, 400-402 
Synchronizing pulses (see Synchronizing 
signal generators) 

Synchronizing signal, composite, 408 
mixing with camera signal, 493-494 
separation of components, 404 
standards, 407-409 
waveform, 400-407 
Synchronizing signal generator, 446 
alternate methods, 447-451 
color-subcarrier generation, 465-466 
design, auxiliary circuits, 460-465 
block-diagram description, 451-454 
circuit details, 454-460 
frequency-control circuits, 462-465 
edge stability, 448-451 
Synchronizing waveform, standard, 408 
Szegho, C. S., 70n. 

Television broadcasting, channel 
allocations, 621 
FCC regulations, 622-629 
Tellier, J. C., 445n. 

Teiman. F. E., 2G0n., 519n. 


Theater projection system, Eidiphor, 
143-145 

Theory of scanning, 36-41 

confusion in signal components, 38 
spectrum analysis, 36-38 
Thermal noise, 113-114 
(See also Noise) 

Tilted gun, electron, 136 
Tilted lens, electron, 136 
Time-delay networks, 357-450 
Torsch, C. E., 396n. 

Trainer, M. A., 27n. 

Transfer characteristic, brightness, 141- 
142 

y correction, 501-503 
Transfer impedance, feedback. 303 
networks, 240 

Transformation calculus, 207-224 
Transient analysis, 198-224 
(See also Laplace transforms) 
Transient response, idealized networks, 
202-205 

r-f amplifier to a-m wave, 268-275 
video amplifiers (see Video amplifiers) 
vestigial-sideband system, 265-267 
(See also Vestigial-sideband system) 
Transmission, a-c vs. d-c, 412 
vestigial-sideband, 265-268 

(See also Vestigial-sideband system) 
Transmission lines, 350-368 
basic equations, 351 
characteristic impedance, 352-353 
as circuit elements at uhf, 362-368 
as delay networks, 357 
dissipationless, 356-357 
frequency characteristics, 359-360 
lumped-constant simulation, 357 
open-circuit impedance, 358 
power ratings, 361 
r-f, for receivers, 559-500 
r-f power transmission, 530-532 
for r-f signals, 362 
reflection coefficient, 355 
for video signals, 359-360 
Transmission polarity, 412 
Transmitter, 514 
balun, 530-532 
block diagrams, 515-516 
diplexer, 533-534 
modulation levels, 516-518 
modulators for, 518 
output circuits, 530-534 
phase characteristics, 518-519 
power amplifiers, class B, tuned, 519- 
530 

klystron, 526, 526-530 
resonant-cavity tuning, 523-530 
(See also R-f amplifiers) 
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Transmitter output, color-signal stand¬ 
ards, 412-416 
FCC regulations, 622-629 
modulation-polarity standards, 410- 
411 

standard broadcast signal, 412 
Transmitting antennas, 535-545 
(See also Antennas) 

Trap circuits, 254-256 
Trapezoidal pulse generation. 383-384 
Traub, E. H., 480n. 

Triangular dipole, 555-556 
Trichromatic coefficients, 20 
Tricolor picture tube, 146-152 
(•See also Cathode-ray tube) 
Tristimulus values, 18-19 
Tuners, uhf, 573-577 
vhf, 567-573 
Turner, A. H., 498 
Turnstile antenna, 538-539 


Uhf propagation, 548 
Uhf spectrum, 5n. 

Uhf transmitters (see Transmitter) 
Uhf tuners, 573-577 


V antenna, 553-554 
stacked-, 556 

\ acuuni tubes, diode characteristics :■ 
disk-seal, 292-293, 522-523, 567 ' 
equivalent circuits, 155-157 
figure of merit, 1G2, 230 
noise, 343-350 
(See also Noise) 

parameters, definitions, 155, 156 
positive grid characteristics, 324 - 32 ; 
transit-time effects. 291-293 

I?"., 233n„ ZWn. 

v j n n 263n< » 272n., 307n 

Van der Zeil A 290n, 360n. 

^Onner, D. D., 163n. 

Veith, F. 8., 109n., 47ln. 

Vhf spectrum, fin. 

Vhf tuners, 667-673 
VestigUl-sidebanti filter, 634 

phS rh ideb ? d - 266 - 2 °8 

phaae characteristic, 373-376 
transient response, 273-276 
V| deo amplifiers, 164-197 
adding circuits, 340-341 
aperture correction, 495-497 
•n camera equipment, 482-485 

cascaded stages, 181-182 


Video amplifiers, clamping of signals, 
334-336 

criteria of performance, 31-34 
Gaussian response, 177-178 
h-f compensation, 163-190 
h-f correction (peaking), 182-186 
in camera preamplifier, 486-490 
idealized responses, 174-175, 177-178 
interstage networks, comparison with 
idealized, 178-180 
modified forms, 178, 179, 181 
reciprocity, 178 
keying circuits, 339-343 
1-f compensation, 194-197 
phase shift, 192-193 
requirements, 190-194 
maximally fiat responses, 165, 170, 172, 
174 

mixing circuits, 339-343 
noise in camera tubes and circuits, 
485-490 
(•Sec also Noise) 

phase-correcting networks, 188-190 
phase requirements for NTSC color, 
505-506 

for receivers, 578, 581-583 
series peaking, 169-170 
series-shunt peaking, 170-172 
modified, 172-173 
* shunt peaking, 164-166 
modified, 167-168 

transient responses, 166, 168, 169, 172, 
174, 176, 178-182, 196 
Video signal, in camera-control equip¬ 
ment, 491-495 
clipping, 336-339 
composite, 411 
<l-c component, 314-315 
rectangular-waveform analysis. 315 
319 

from scanning process, 26 
spectrum analysis, 30-38 
transmission lines for, 359-300 
Vl J™' fl '8nal processing, elements of, 467 
fade and lap-dissolve circuits, 508 
special-effects circuits, 509-510 
wipe circuits, 509 

(•See also Camera-control equipment) 
ideo systems, brightness-transfer char¬ 
acteristic, 41 
dot interlacing, 47-48 
frequency interlace, 44-46 
over-all requirements, 34-36 
Video transmitters, 5, 514-534 
Vidicon, 108-109 

in film and slide pickup system, 477- 
478 

View finder, electronic, 467, 172 
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Vine, 13. H., 109n. 

Vision, characteristics of, 9-13 
Visual-display tubes, 125-153 
(See also Cathode-ray tube) 
Voltage doubler, 396 


Wagoner, W. G., 519n. 

Wallman, H., 179n., 233n., 23Cn., 244n., 
251n., 253n., 272n., 299n., 307n. 
Waring, J., 573 n. 

Waveguide, 368-370 
Weber-Fechner law, 13 
Weimer, P. K., 99n., 103n., 106n., 108n., 
151n. 

Wendt, K. R-, 590n. 

Wheeler, H. A., 27 n. 


Whinnery, J. R., 369n. 
White, equal-energy, 14 
standard source C, 13 
Wiggin, J. F., 477n. 
Wintringham, W. T., 18n. 
Woemer, J. J., 530n. 

Wolf, J. J., 53In. 

Woodward, O. M., Jr., 544n. 


A', Y, and Z color coordinates, 19-23 


Vagi antenna, 559 % 


Zworykin, V. K., 89n. 





